Identifying Cyber Predators by Using Sentiment Analysis and Recurrent Neural Networks by Dan, Liu
A/2MiB7vBM; *v#2` S`2/iQ`b #v lbBM;






*QKTmi2` a+B2M+2 M/ aQ7ir`2 1M;BM22`BM;
S`2b2Mi2/ BM S`iBH 6mH}HHK2Mi Q7 i?2 _2[mB`2K2Mib
6Q` i?2 .2;`22 Q7




Ü .M GBm- kyR3
*QM+Q`/B lMBp2`bBiv
a+?QQH Q7 :`/mi2 aim/B2b
h?Bb Bb iQ +2`iB7v i?i i?2 i?2bBb T`2T`2/
"v, .M GBm
1MiBiH2/, A/2MiB7vBM; *v#2` S`2/iQ`b #v lbBM; a2MiBK2Mi MHv@
bBb M/ _2+m``2Mi L2m`H L2irQ`Fb
M/ bm#KBii2/ BM T`iBH 7mH}HHK2Mi Q7 i?2 `2[mB`2K2Mib 7Q` i?2 /2;`22 Q7
Jbi2` Q7 a+B2M+2 U*QKTmi2` a+B2M+2V
+QKTHB2b rBi? i?2 `2;mHiBQMb Q7 i?Bb lMBp2`bBiv M/ K22ib i?2 ++2Ti2/ biM/`/b rBi?
`2bT2+i iQ Q`B;BMHBiv M/ [mHBivX










.`X *?BM; uX am2M
TT`Qp2/ #v
*?B` Q7 .2T`iK2Mi Q` :`/mi2 S`Q;`K .B`2+iQ`
kyR3
KB` bB7- .2M
6+mHiv Q7 1M;BM22`BM; M/ *QKTmi2` a+B2M+2
#bi`+i
A/2MiB7vBM; *v#2` S`2/iQ`b #v lbBM; a2MiBK2Mi MHvbBb M/ _2+m``2Mi
L2m`H L2irQ`Fb
.M GBm
_2+m``2Mi L2m`H L2irQ`F rBi? GQM; a?Q`i@h2`K J2KQ`v +2HHb UGahJ@_LLV ?p2 BK@
T`2bbBp2 #BHBiv BM b2[m2M+2 /i T`Q+2bbBM;- T`iB+mH`Hv HM;m;2 KQ/2H #mBH/BM; M/ i2ti
+HbbB}+iBQMX h?Bb `2b2`+? T`QTQb2b i?2 +QK#BMiBQM Q7 b2MiBK2Mi MHvbBb- b2Mi2M+2 p2+@
iQ`b- M/ GahJ@_LL b  MQp2H rv 7Q` +v#2` a2tmH S`2/iQ` A/2MiB}+iBQM UaSAVX h?2`2
`2 irQ ibFb BM aSAX h?2 }`bi QM2 Bb B/2MiB7vBM; b2tmH T`2/iQ`b KQM; +?ibX h?2 b2+QM/
QM2 Bb ?B;?HB;?iBM; bT2+B}+ b2tmH T`2/iQ`bǶ HBM2b BM +?ibX Pm` `2b2`+? 7Q+mb2b QM i?2
}`bi ibFX
M GahJ@_LL HM;m;2 KQ/2H Bb TTHB2/ iQ ;2M2`i2 b2Mi2M+2 p2+iQ`b r?B+? `2 i?2 Hbi
?B//2M bii2b BM i?2 HM;m;2 KQ/2HX a2Mi2M+2 p2+iQ`b `2 72/ BMiQ i?2 GahJ@_LL +Hb@
bB}2`- bQ b iQ +Tim`2 bmbTB+BQmb +QMp2`biBQMbX >B//2M bii2 KF2b  #`2Fi?`Qm;? BM
i?2 ;2M2`iBQM Q7 mMb22M b2Mi2M+2 p2+iQ`b BX2X- i?2 bvbi2K +M b+Q`2  b2Mi2M+2 M2p2` b22M
#27Q`2 BM i?2 i`BMBM; /iX 6bii2ti Bb mb2/ iQ }Hi2` i?2 +QMi2Mib Q7 +QMp2`biBQMb M/ ;2M@
2`i2  b2MiBK2Mi b+Q`2 iQ i?2 Tm`TQb2 Q7 B/2MiB7vBM; TQi2MiBH T`2/iQ`bX AJ." b2MiBK2Mi
`2pB2r ibF Bb BMi`Q/m+2/ iQ T`QpB/2 M BMimBiBp2 K2bm`2K2Mi Q7 i?2 +QK#BM2/ K2i?Q/X
h?2 KQ/2H B/2MiB}2/ kye T`2/iQ`b Qmi Q7 k89X h?2 2tT2`BK2Mi +?B2p2/  `2+Q`/@#`2FBM;
6@yX8 b+Q`2 Q7 yXN888- ?B;?2` i?M i?2 iQT@`MF2/ `2bmHi BM i?2 aSA +QKT2iBiBQMX
BBB
+FMQrH2/;K2Mib
A rQmH/ HBF2 iQ i?MF Kv bmT2`pBbQ`b- .`X *?BM; u22 am2M M/ .`X PH; P`KM/DB2p-
7Q` i?2B` ;mB/M+2 M/ 2M+Qm`;2K2MiX A /KB`2 i?2B` +/2KB+ +?B2p2K2Mib M/ K
i`mHv ;`i27mH 7Q` i?2B` pHm#H2 +QKK2Mib QM i?Bb i?2bBbX A rQmH/ HBF2 iQ i?MF 72HHQr
`2b2`+?2`b BM i?2 +/2KB M/ BM/mbi`v 7Q` i?2B` +QMi`B#miBQM M/ 2MHB;?i2MK2MiX Jv
TT`2+BiBQM HbQ ;Q2b iQ i?2 Lim`H a+B2M+2b M/ 1M;BM22`BM; _2b2`+? *QmM+BH Q7 *M/-
7Q` bmTTQ`iBM; i?Bb T`QD2+iX
Bp
h#H2 Q7 *QMi2Mib
GBbi Q7 6B;m`2b pBBB
GBbi Q7 h#H2b t
R AMi`Q/m+iBQM R
RXR S`Q#H2K .2}MBiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j
RXk >vTQi?2bBb M/ _2b2`+? TT`Q+? X X X X X X X X X X X X X X X X X X X X X X 9
RXkXR >vTQi?2bBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9
RXkXk _2b2`+? TT`Q+? X X X X X X X X X X X X X X X X X X X X X X X X X X X 9
RXkXj Pp2`pB2r Q7 avbi2K `+?Bi2+im`2 X X X X X X X X X X X X X X X X X X X 8
RXj *QMi`B#miBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d
RX9 Pp2`pB2r Q7 h?2 h?2bBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3
k GBi2`im`2 _2pB2r Ry
kXR S`Qb M/ *QMb Q7 *QKKQM J2i?Q/QHQ;B2b X X X X X X X X X X X X X X X X X X Ry
kXk G2tB+H 62im`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
kXj "2?pBQm`H 62im`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
kX9 L2m`H L2irQ`F GM;m;2 JQ/2H X X X X X X X X X X X X X X X X X X X X X X X Rk
kX8 a2MiBK2Mi a+Q`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk
j J2i?Q/QHQ;v R8
jXR Pp2`pB2r X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
jXk S`Q+2bbBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
jXkXR _QH2 Q7 S`Q+2bbBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
jXkXk S`Q+2bbBM; ai`i2;B2b X X X X X X X X X X X X X X X X X X X X X X X X X X Re
p
jXj _2+m``2Mi L2m`H L2irQ`F X X X X X X X X X X X X X X X X X X X X X X X X X X X R3
jXjXR TTHB+iBQMb BM Pm` qQ`F X X X X X X X X X X X X X X X X X X X X X X X R3
jXjXk Pp2`pB2r Q7 _LLb X X X X X X X X X X X X X X X X X X X X X X X X X X X R3
jXjXj Ji?2KiB+b BM _LL X X X X X X X X X X X X X X X X X X X X X X X X X X ky
jXjX9 :`/B2Mi oMBb?BM; M/ 1tTHQ/BM; X X X X X X X X X X X X X X X X X X kR
jX9 GQM; a?Q`i@h2`K J2KQ`v _LL X X X X X X X X X X X X X X X X X X X X X X X X kj
jX8 L2m`H GM;m;2 JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X ke
jX8XR _QH2 Q7 L2m`H GM;m;2 JQ/2H X X X X X X X X X X X X X X X X X X X X ke
jX8Xk Pp2`pB2r Q7 L2m`H GM;m;2 JQ/2H X X X X X X X X X X X X X X X X X ke
jX8Xj J2bm`2 Q7 L2m`H GM;m;2 JQ/2H X X X X X X X X X X X X X X X X X X k3
jX8X9 GahJ@_LL iQ GM;m;2 JQ/2H X X X X X X X X X X X X X X X X X X X jy
jXe a2Mi2M+2 o2+iQ`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jR
jXeXR Pp2`pB2r Q7 a2Mi2M+2 o2+iQ`b X X X X X X X X X X X X X X X X X X X X X jR
jXeXk S`Qb M/ *QMb Q7 a2Mi2M+2 o2+iQ`b X X X X X X X X X X X X X X X X X X j9
jXd *QMp2`biBQM *HbbB}+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X j9
jXdXR JQiBpiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9
jXdXk 62im`2b M/ bbmKTiBQMb X X X X X X X X X X X X X X X X X X X X X X X je
jXdXj *QMi`B#miBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jd
jXdX9 qQ`F~Qr X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j3
jX3 S`iB+BTMi *HbbB}+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
jX3XR JQiBpiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
jX3Xk 62im`2b M/ bbmKTiBQMb X X X X X X X X X X X X X X X X X X X X X X X 9y
jX3Xj *QMi`B#miBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
jX3X9 qQ`F~Qr X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
9 1tT2`BK2Mib 99
9XR Pp2`pB2r Q7 i?2 avbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99
9Xk S2`7Q`KM+2 *`Bi2`B X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9e
9Xj .ib2i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9d
9XjXR SL@kyRk .ib2i X X X X X X X X X X X X X X X X X X X X X X X X X X X 93
pB
9XjXk AJ." a2MiBK2Mi _2pB2rb .ib2i X X X X X X X X X X X X X X X X X X 8y
9X9 1tT2`BK2MiH a2imT X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k
9X9XR GM;m;2 JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k
9X9Xk ambTB+BQmb *QMp2`biBQM .2i2+iBQM X X X X X X X X X X X X X X X X X X 8k
9X9Xj S`2/iQ`b A/2MiB}+iBQM X X X X X X X X X X X X X X X X X X X X X X X X 8j
9X9X9 AJ." a2MiBK2Mi hbF X X X X X X X X X X X X X X X X X X X X X X X X X 89
8 _2bmHib 8e
8XR ambTB+BQmb *QMp2`biBQM .2i2+iBQM X X X X X X X X X X X X X X X X X X X X X X 8e
8Xk a2tmH S`2/iQ` A/2MiB}+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X 8d
8Xj AJ." a2MiBK2Mi _2pB2rb X X X X X X X X X X X X X X X X X X X X X X X X X X X 83
e *QM+HmbBQMb M/ 6mim`2 _2b2`+? ek
eXR *QM+HmbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ek
eXk 6mim`2 qQ`F X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ej
_272`2M+2b e8
TT2M/Bt  h?2 a2MiBK2Mi a+Q`2b eN
TT2M/Bt " h`BMBM; GQ;b de
pBB
GBbi Q7 6B;m`2b
RXR PMHBM2 T`2/iQ` ``2bib 7`QK kyyy iQ kyye (R)X X X X X X X X X X X X X X k
RXk S`QT2`iB2b Q7 i?2 SL@kyRk /ib2i (j)X X X X X X X X X X X X X X X X X k
RXj avbi2K bi`m+im`2 Q7 B/2MiB7vBM; T`2/iQ`bX X X X X X X X X X X X X X X X 8
RX9 >B;?HB;?ib Q7 Qm` rQ`FX X X X X X X X X X X X X X X X X X X X X X X X X X X 3
kXR aoJ b b2MiBK2Mi b+Q`2 KQ/2HX X X X X X X X X X X X X X X X X X X X X X Rj
kXk L2m`H L2irQ`F b+Q`2 KQ/2HX h?2 QmiTmi pHm2b Q7 aQ7iKt Hv2` `2
b+Q`2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
kXj S2`7Q`KM+2 Q7 6bii2ti QM b2MiBK2Mi /ib2ib (k9)X X X X X X X X X X R9
kX9 h`BMBM; iBK2 Q7 6bii2ti QM b2MiBK2Mi /ib2ib (k9)X X X X X X X X X X R9
jXR hrQ _LLb rQ`F iQ;2i?2` iQ B/2MiB7v bmbT2+i +QMp2`biBQMbX X X X X X R3
jXk ai`m+im`2 Q7 mM7QH/2/ _LL (k8)X X X X X X X X X X X X X X X X X X X X X RN
jXj AMTmib `2 72/ BMiQ i?2 _LL rBi? /Bz2`2Mi iBK2 bi2Tb (ke)X X X X X X X ky
jX9 *`Qbb 2Mi`QTv HQbbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X kk
jX8 aB;KQB/ 7mM+iBQM M/ Bib /2`BpiBp2X X X X X X X X X X X X X X X X X X X X kj
jXe GahJ@_LL +2HHX h?2 σ Bb bB;KQB/ 7mM+iBQMX X X X X X X X X X X X X X X k9
jXd L2m`H HM;m;2 KQ/2H (Re)X X X X X X X X X X X X X X X X X X X X X X X X k3
jX3 GahJ@_LL HM;m;2 KQ/2HX X X X X X X X X X X X X X X X X X X X X X X jy
jXN lM7QH/2/ GahJ@_LL BM HM;m;2 KQ/2H X X X X X X X X X X X X X X X X jR
jXRy AMbB/2 Q7 i?2 b2Mi2M+2 p2+iQ`X X X X X X X X X X X X X X X X X X X X X X X jk
jXRR a2Mi2M+2 p2+iQ`X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jk
jXRk a2[kb2[ KQ/2H BM M2m`H K+?BM2 i`MbHiBQMX X X X X X X X X X X X X X jj
pBBB
jXRj 1M+Q/2`@/2+Q/2` `+?Bi2+im`2X M 2M+Q/2` +QMp2`ib  bQm`+2 b2Mi2M+2
BMiQ  ǴK2MBM;Ǵ p2+iQ` r?B+? Bb Tbb2/ i?`Qm;?  /2+Q/2` iQ T`Q/m+2
 i`MbHiBQM (jj)X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
jXR9 GahJ@_LL +HbbB}2`X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
jXR8 qQ`F~Qr Q7 T`iB+BTMi +HbbB}+iBQMX X X X X X X X X X X X X X X X X X 9j
9XR .2iBH2/ bi2Tb Q7 T`2/iQ` B/2MiB}+iBQMX X X X X X X X X X X X X X X X X 99
9Xk Pp2`pB2r Q7 AJ." b2MiBK2Mi MHvbBbX X X X X X X X X X X X X X X X X X 9e
9Xj .2}MBiBQM Q7 hL- hS- 6S- M/ 6LX X X X X X X X X X X X X X X X X X X X 9e
9X9  +QMp2`biBQM bKTH2 BM SL@kyRk i`BMBM; /ib2iX X X X X X X X X X 9N
9X8 ai`m+im`2 M/ +QM};m`iBQMb Q7 i?2 a*. +HbbB}2`X X X X X X X X X X X 8j
9Xe ai`m+im`2 M/ +QM};m`iBQMb Q7 T`2/iQ` +HbbB}2`X X X X X X X X X X X 89
9Xd ai`m+im`2 M/ +QM};m`iBQMb Q7 AJ." b2MiBK2Mi +HbbB}2`X X X X X X X 88
8XR S2`7Q`KM+2 Q7 i?2 a*. +HbbB}2`X X X X X X X X X X X X X X X X X X X X 8d
8Xk S2`7Q`KM+2 Q7 aSA +HbbB}2`X X X X X X X X X X X X X X X X X X X X X X X 83
8Xj S2`7Q`KM+2 Q7 AJ." b2MiBK2Mi +HbbB}2`X X X X X X X X X X X X X X X X ey
eXR  i`22@HBF2 bi`m+im`2 7Q` +HbbB}+iBQM rQ`FX X X X X X X X X X X X X X X e9
Bt
GBbi Q7 h#H2b
jXR ii`B#mi2b Q7 SL@kyRk /ib2i X X X X X X X X X X X X X X X X X X X X Re
jXk h?2 bKTH2bǶ /Bbi`B#miBQM Q7 SL@kyRkX X X X X X X X X X X X X X X X X j8
jXj h?2 72im`2b Q7 i?2 /ib2i Q7 SL@kyRkX X X X X X X X X X X X X X X X jd
9XR a2Mi2M+2 H2M;i? /Bbi`B#miBQM Q7 i?2 SL@kyRk /ib2iX X X X X X X X X 8y
9Xk ii`B#mi2b Q7 i?2 SL@kyRk /ib2i X X X X X X X X X X X X X X X X X X 8y
9Xj a2Mi2M+2 H2M;i? /Bbi`B#miBQM Q7 AJ." /ib2iX X X X X X X X X X X X X X 8R
8XR "2bi `2bmHi i 1TQ+? 8X X X X X X X X X X X X X X X X X X X X X X X X X X 8d
8Xk S2`7Q`KM+2 Q7 LQXR BM SL@kyRk +QKT2iBiBQM(9) X X X X X X X X X X X 8d
8Xj "2bi `2bmHi Q7 aSA +HbbB}2`X X X X X X X X X X X X X X X X X X X X X X X X 83
8X9 _2bmHi 7i2` TTHvBM; a2MiBK2Mi a+Q`2X X X X X X X X X X X X X X X X X X 83
8X8 P{+BH `MF `2H2b2/ #v SL H# (j)X h?2 i#H2 `2TQ`ib i?2 2pHmiBQM
Q7 HH i?2 `mMb bm#KBii2/ Q`/2`2/ #v pHm2 Q7 6 b+Q`2 rBi? n 4 yX8X
_mMb rBi? `MFBM; MmK#2` `2 i?2 QM2b mb2/ 7Q` Q{+BH 2pHmiBQMX
_1hX 4 _2i`B2p2/ /Q+mK2Mib- _1GX 4 _2H2pMi /Q+mK2Mi `2i`B2p2/X
S 4 S`2+BbBQMX _ 4 _2+HH X X X X X X X X X X X X X X X X X X X X X X X X 8N
8Xe S`i Q7 i?2 T`2/iQ`b M/ pB+iBKb rBi? b2MiBK2Mi b+Q`2X X X X X X X X X 8N
8Xd h`BMBM; M/ i2bi T2`7Q`KM+2 QM AJ." /ib2iX X X X X X X X X X X X ey
8X3 *QKT`BbQM QM i?2 AJ." b2MiBK2Mi ibFX X X X X X X X X X X X X X X X eR
XR GBbi Q7 b2MiBK2Mi b+Q`2 Q7 T`2/iQ`b M/ pB+iBKbX X X X X X X X X X X X eN
"XR h`BMBM; HQ; Q7 bmbTB+BQmb +QMp2`biBQMb +HbbB}2`X X X X X X X X X X X X de
"Xk h`BMBM; HQ; Q7 T`2/iQ`b +HbbB}2`X X X X X X X X X X X X X X X X X X X X dd
t




h?2 ;`2i2` TQTmH`Biv Q7 bQ+BH M2irQ`Fb ;Bp2b `Bb2 iQ +v#2`@+`BKBMH +iBpBiB2b +QM/m+i2/
#v b2tmH T`2/iQ`bX PM qBFBT2/B- i?Qb2 r?Q +QKKBi b2t +`BK2b- bm+? b `T2 Q` +?BH/
b2tmH #mb2- `2 +QKKQMHv `272``2/ iQ b ǳb2tmH T`2/iQ`bǴX .m`BM; kyyy iQ kyye- i?2`2
rb #Qmi j3RW U6B;m`2 RXRV BM+`2b2 BM ``2bib Q7 +v#2` b2tmH T`2/iQ`b r?Q ++Qbi2/
mM/2`+Qp2` BMp2biB;iQ`b b2`pB+BM; b  T`QbiBimi2 BM i?2 la (R)X JQ`2Qp2`- ++Q`/BM; 6"AǶb
/i (k)- i?2`2 r2`2 d8y-yyy +?BH/ T`2/iQ`b QMHBM2 BM kyyNX AM i?Bb +QMi2ti- SL USH@
;B`BbK MHvbBb- mi?Q`b?BT B/2MiB}+iBQM- M/ L2`@/mTHB+i2 /2i2+iBQMV H# BMBiBi2/ i?2
a2tmH S`2/iQ` A/2MiB}+iBQM UaSAV hbF BM kyRk (j)X h?2 SL H# +QHH2+ib M/ b?`2b
M Qp2`r?2HKBM; KQmMi Q7 QMHBM2 +?ib- BMbB/2 r?B+? i?2`2 `2 T`2/iQ`b- iQ 7+BHBii2
`2b2`+? BM T`2/iQ` #2?pBQ`bX h?2 /ib2i BM+Hm/2b QMHv  72r +QMp2`biBQMb i?i `2 BMB@
iBi2/ #v b2tmH T`2/iQ`b- KMv +QMp2`biBQMb r?2`2 T2QTH2 iHFBM; #Qmi b2t M/ ;2M2`H
iQTB+bX h?2`2 `2 R9k T`2/iQ`b 7Q` i`BMBM; M/ i?2 Tm`TQb2 Bb }M/BM; k89 T`2/iQ`b BM
#Qmi kyy-yyy QMHBM2 +?ib U6B;m`2 RXkVX
R
6B;m`2 RXR, PMHBM2 T`2/iQ` ``2bib 7`QK kyyy iQ kyye (R)X
6B;m`2 RXk, S`QT2`iB2b Q7 i?2 SL@kyRk /ib2i (j)X
k
RXR S`Q#H2K .2}MBiBQM
h?2`2 `2 irQ b2T`i2 ibFb BM aSA- MK2Hv- B/2MiB}+iBQM Q7 b2tmH T`2/iQ`b KQM; +?ib
M/ ?B;?HB;?iBM; bT2+B}+ b2tmH T`2/iQ`bǶ HBM2b BM +?ibX h?2 `2b2`+? `2TQ`i2/ BM i?Bb i?2bBb
7Q+mb2b QM i?2 }`bi ibFX b (j) BM/B+i2/- i?2 }`bi bi2T Bb iQ }M/ Qmi r?B+? +QMp2`biBQMb
`2 bmbTB+BQmb- i?2M B/2MiB7v r?B+? +QMp2`biBQMb #2HQM; iQ r?B+? mi?Q`X (9)- (8)- M/ (e)
mb2 i?2 bBKBH` K2i?Q/ b (j) iQ B/2MiB7v i?2 T`2/iQ`bX
h?2 Q`;MBx2`b b2i i?2 ;QH 7Q` i?2 aSA ibF b +`2iBM;  H`;2 M/ `2HBbiB+ /ib2iX
h?2 bB/2 2z2+ib Q7 `2HBbiB+ /i `2 ?B;? MQBb2 H2p2H- mM#HM+2/ i`BMBM; bKTH2b- M/
p`BQmb H2M;i?b Q7 +QMp2`biBQMbX JQ`2 bT2+B}+HHv- i?2`2 `2 KMv ;2M2`H M/ b2t@`2Hi2/
+QMp2`biBQMb- r?BH2 KQM; i?2K QMHv  72r BMpQHp2 b2tmH T`2/iQ`bX 6m`i?2`KQ`2- i?2`2
`2 KMv +?i ##`2pBiBQMb M/ +v#2` bHM;b BM +QMp2`biBQMb- bm+? b Ǵm`Ǵ 7Q` ǳvQm`Ǵ-
ǳv`Ǵ 7Q` ǳv2`Ǵ- ǳbQ``vvvvǴ 7Q` ǳbQ``vǴ- iQ MK2  72rX am+? 2tT`2bbBQMb `2 +`m+BH iQ M/
b?QmH/ #2 +QMbB/2`2/ BM 72im`2 b2H2+iBQMX h?2`27Q`2- i`/BiBQMH K+?BM2 H2`MBM; K2i?Q/b
+MMQi +?B2p2 biBb7vBM; T2`7Q`KM+2 mMH2bb i`mM+iBM; /i rBi? MmK2`Qmb `mH2bX 1p2M
B7 M@;`K Bb mb2/- rBi? ?mM/`2/b Q7 i?QmbM/b Q7 +QMp2`biBQMb- i?2 MQBb2 rBHH ;2M2`i2
2ti`2K2 bT`bBiv- M/ i?2 T2`7Q`KM+2 rBHH #2 r2F2M2/ +QMb2[m2MiHv (d)X
>Qr2p2`- p2`v +QKTH2t M/ bT2+B}+ `mH2b r2`2 TTHB2/ iQ `2KQp2 MQBb2 Q` iQ 2ti`+i 72im`2bX
1bT2+BHHv- BM (9)- QMHv #Qmi RyW Q7 i?2 bKTH2b `2KBM2/ 7Q` i`BMBM; M/ i2biBM;X am+?
`2KQpH +QmH/ BM~m2M+2 i?2 ;2M2`HBxiBQM #BHBiv Q7 i?2 +HbbB}2`X JMmH `mH2b 7Q` 72im`2b
2ti`+iBQM BM (3)Ĝ(Ry) rBHH `2/m+2 i?2 T2`7Q`KM+2 #2+mb2 QMHv bKTH2b i?i Ki+? i?2
`mH2b +M #2 +HbbB}2/X  M2m`H M2irQ`F HM;m;2 KQ/2H TT`Q+? +M Qp2`+QK2 i?2
#Qp2@K2MiBQM2/ T`Q#H2KbX
h?2 b2+QM/ +HbbB}2` Bb #Qmi T`2/iQ` B/2MiB}+iBQMX amTTQ`i o2+iQ` J+?BM2b UaoJV (8)-
(3)- LBp2 "v2b (RR)- (Rk) M/ Qi?2` +HbbB+H K+?BM2 H2`MBM; TT`Q+?2b (8)- (d)- (N)- (Rj)
r2`2 BMi`Q/m+2/X ++Q`/BM; iQ i?2 Q{+BH `MF (j)- i?Qb2 TT`Q+?2b rBi? ;`2i2`@i?M@NyW
T`2+BbBQM ?/  HQr2` `2+HH U72r2` i?M 3yWVX
j
RXk >vTQi?2bBb M/ _2b2`+? TT`Q+?
RXkXR >vTQi?2bBb
h?2 ?vTQi?2bBb Q7 Qm` rQ`F Bb,
Ç S`2/iQ`b Hrvb rMi iQ HmM+? ii+Fb #v mbBM; i?2 bK2 Tii2`M M/ Hrvb bF
[m2biBQMb rBi? ii+FBM; BMi2MiBQMX AM i?Bb rv- i?2 b2MiBK2Mi b+Q`2 Q7 T`2/iQ` Kmbi
#2 ?B;?2` i?M i?2 pB+iBKǶbX
RXkXk _2b2`+? TT`Q+?
 +QKKQM bi`i2;v 7Q` aSA Bb i?2 mb2 Q7 irQ +HbbB}2`bX h?2 }`bi +HbbB}2` rBHH /2i2+i bmb@
TB+BQmb +QMp2`biBQMb r?B+? +M #2 b22M b TQbBiBp2 UrBi? T`2/iQ`bV Q` M2;iBp2 UrBi?Qmi
T`2/iQ`bV (9)Ĝ(e)X GQM; b?Q`i@i2`K K2KQ`v `2+m``2Mi M2m`H M2irQ`Fb (R9) UGahJ@_LLV
b2Mi2M+2 p2+iQ`b `2 BMi`Q/m+2/ iQ bQHp2 i?2 #Qp2@K2MiBQM2/ MQBb2 M/ T2`7Q`KM+2 T`Q#@
H2KbX .Bz2`2Mi 7`QK M@;`Kb- b2Mi2M+2 p2+iQ` +M +Tim`2 b2Mi2M+2 72im`2b KQ`2 2{+B2MiHv
M/ +QKT`2bb i?2 bBx2 Q7 i?2 BMTmi /i- b i?2 +HbbB}2` rBHH QMHv iF2 b2Mi2M+2b- BMbi2/
Q7 rQ`/b- b 72im`2bX J2Mr?BH2- GahJ@_LL +HbbB}2` +M HbQ #2 mb2/ 7Q` bmbTB+BQmb
+QMp2`biBQM /2i2+iBQM Ua*.V bBM+2 Bi Bb ;QQ/ i H2`MBM; HQM;@i2`K /2T2M/2M+B2b BM iBK2
b2`B2b /iX
h?2 rQ`F BMpQHp2b i?`22 ivT2b Q7 M2m`H M2irQ`FbX h?2 GahJ@_LL@#b2/ HM;m;2 KQ/2H-
r?B+? Bb mb2/ iQ 2tT`2bb i?2 `2HiBQM BMbB/2  b2Mi2M+2X h?2 Hbi ?B//2M bii2 Q7 i?2 GahJ@
_LL Q7 2+? b2Mi2M+2 rBHH #2 mb2/ b b2Mi2M+2 p2+iQ`bX  irQ@Hv2` GahJ@_LL +HbbB}2`-
r?B+? Bb mb2/ iQ }M/ bmbTB+BQmb +QMp2`biBQMb #v H2`MBM; i?2 /2T2M/2M+B2b KQM; b2Mi2M+2b
BM  +QMp2`biBQMX 1+? b2Mi2M+2 BM  +QMp2`biBQM rBHH #2 `2;`/2/ b  bBM;H2 BMTmi M/
72/ BMiQ i?2 +HbbB}2`X 6QHHQrBM; i?2 /2i2+iBQM Q7 bmbTB+BQmb +QMp2`biBQMb-  6bii2ti@#b2/
b2MiBK2Mi b+Q`2 KQ/2H Bb BMi`Q/m+2/ iQ B/2MiB7v b2tmH T`2/iQ`bX
9
RXkXj Pp2`pB2r Q7 avbi2K `+?Bi2+im`2
6B;m`2 RXj, avbi2K bi`m+im`2 Q7 B/2MiB7vBM; T`2/iQ`bX
h?2 bvbi2K BM+Hm/2b irQ T`ib BX2X- i?2 +QMp2`biBQM +HbbB}+iBQM T`i M/ T`2/iQ` B/2M@
iB}+iBQM T`i U6B;m`2 RXjVX
6B`biHv- i?2 GahJ@_LL@#b2/ HM;m;2 KQ/2H- r?B+? Bb mb2/ iQ 2tT`2bb i?2 `2HiBQM BMbB/2
 b2Mi2M+2- Bb T`QTQb2/X h?2 i`BMBM; Tm`TQb2 Q7 i?Bb bi2T Bb iQ KBMBKBx2 i?2 T2`TH2tBiv Q7
i?2 KQ/2HX AM BM7Q`KiBQM i?2Q`v- T2`TH2tBiv K2bm`2b i?2 T`2/B+iBQM #BHBiv Q7 i?2 KQ/2HX
 HQr2` T2`TH2tBiv BM/B+i2b bi`QM;2` T`2/B+iBQM +T#BHBiB2bX _LL H2`Mb FMQrH2/;2 #b2/
QM i?2 r2B;?ib Q#iBMBM; 7`QK T`2pBQmb BMTmib- r?B+? +HbbB+H M2m`H M2irQ`Fb `2 mM#H2
iQ /QX Ai +QMiBMb HQQTb M/ +M biQ`2 BM7Q`KiBQM BM i?2 7Q`K Q7 r2B;?ib M/ bii2bX
>Qr2p2`- QM2 Q7 i?2 b?Q`i+QKBM;b Q7 M _LL Bb i?2 HBKBi2/ +T+Biv Q7 ?M/HBM; HQM;@i2`K
8
/2T2M/2M+B2b- r?B+? Bb p2`v +QKKQM BM `2H HB72- 7Q` 2tKTH2- H2`MBM; i?2 /2T2M/2M+B2b
BM p2`v HQM; b2Mi2M+2bX AM i?Bb +QMi2ti- GahJ@_LL- }`bi BMi`Q/m+2/ #v >Q+?`2Bi2` M/
a+?KB/?m#2` (R9)- ?b #2+QK2 TQTmH` BM `2+2Mi v2`bX Ai /2bB;Mb  ;i2 bi`i2;v iQ `2;mHi2
i?2 +2HH bii2b #v +QMi`QHHBM; i?2 r2B;?ib TbbBM; i?`Qm;?X AM i?Bb rv- GahJ@_LL +M
H2`M HQM;@i2`K /2T2M/2M+B2b 7`QK i`BMBM; bKTH2b- r?B+? Bb p2`v mb27mH BM +QMi2ti@#b2/
/ib2ibX M GahJ@_LL HM;m;2 KQ/2H ?b irQ +HbbB+H TTHB+iBQMbX h?2 }`bi QM2 Bb
H2`MBM; i?2 /Bbi`B#miBQM Q7 T`Q##BHBiB2b Q7 rQ`/b rBi?BM i`BMBM; bKTH2bX h?2 b2+QM/ QM2
Bb H2`MBM; i?2 rQ`/ `2T`2b2MiiBQMb UQ` rQ`/ 2K#2//BM;bVX qQ`/ 2K#2//BM;b b?Qr2/ Bib
TQr2` BM KMv Mim`H HM;m;2 T`Q+2bbBM; TTHB+iBQMb BM `2+2Mi v2`bX AM Qm` rQ`F- i?2
Hbi ?B//2M bii2 Q7 GahJ@_LL HM;m;2 KQ/2H Q7 2+? b2Mi2M+2 rBHH #2 mb2/ b b2Mi2M+2
p2+iQ`bX qBi?  MmK#2` Q7 b2Mi2M+2 p2+iQ`b- i?2 +QMp2`biBQM +M #2 T`2b2Mi2/ BM  ?B;?Hv
+QKT`2bb2/ rvX h?Bb Bb i?2 F2v K2i?Q/ 7Q` i`BMBM;  +HbbB}2` BM H`;2 /ib2i rBi?Qmi
Km+? T2`7Q`KM+2 HQbbX h?2 KQ/2H ?b i?2 /pMi;2 Q7 ;2M2`iBM; M2r p2+iQ` 7Q` i?2
b2Mi2M+2 i?i ?b M2p2` b22M #27Q`2X >Qr2p2`- Bib /Bb/pMi;2 Bb i?i i?2`2 Kmbi #2 
/B+iBQM`v iQ biQ`2 i?2 KTTBM; #2ir22M  b2Mi2M+2 M/ Bib p2+iQ`X
a2+QM/Hv-  irQ@Hv2` GahJ@_LL +HbbB}2` Bb mb2/ iQ }M/ bmbTB+BQmb +QMp2`biBQMb #v
H2`MBM; i?2 /2T2M/2M+B2b KQM; b2Mi2M+2b BM  +QMp2`biBQMX b i?2 +QMp2`biBQM ?b
#22M +QKT`2bb2/ pB i?2 TT`Q+? #Qp2- i?2 i`BMBM; bT22/ Q7 GahJ@_LL +HbbB}2` Bb
T?2MQK2MHX  ivTB+H T`2/iQ` +QMp2`biBQM- /2T2M/BM; QM /Bz2`2Mi ii+FBM; bi;2b (9)-
mbmHHv BM+Hm/2b ;2 BM7Q`KiBQM- T`2MibǶ BM7Q`KiBQM- r2`BM; BM7Q`KiBQM- M/ BK;2b
BM7Q`KiBQM Q7 pB+iBKX h?2 Mim`2 Q7 i?2 GahJ@_LL /2i2`KBM2b i?2 #BHBiv Q7 }M/BM; i?Qb2
`2HiBQMb KQM; /Bz2`2Mi bi;2b- b i?Qb2 bi;2b `2 iBK2@b2[m2M+2@#b2/X AM i?Bb rv- i?2
b2Mi2M+2b b?`BM; bBKBH` F2vrQ`/b Q7  bi;2@bT2+B}+ iQTB+ BM T`2/iQ` +QMp2`biBQMb rBHH
#2 +Tim`2/ #v i?2 GahJ@_LL +HbbB}2`X h?2 b2Mi2M+2 p2+iQ` Bb  /2Mb2 `2T`2b2MiiBQM
r?B+? +QKT`2bb2b i?2 `2HiBQMb BM i?2 7Q`Ki Q7 r2B;?ib BMiQ  bBM;H2 p2+iQ`X Ai +M #2
mb2/ iQ Q#iBM i?2 bBKBH`Biv Q7 b2Mi2M+2b- #v +H+mHiBM; i?2 +QbBM2 /BbiM+2 Q7 i?2 b2Mi2M+2
p2+iQ`X 1+? b2Mi2M+2 BM  +QMp2`biBQM rBHH #2 `2;`/2/ b  bBM;H2 BMTmi M/ 72/ BMiQ
i?2 GahJ@_LL +HbbB}2`X h?2`2 `2 irQ bm#bi`m+im`2b BMpQHp2/ BM i?2 i`BMBM; T`Q+2/m`2X
h?2 }`bi QM2 H2`Mb M/ 2tT`2bb2b i?2 /2T2M/2M+B2b KQM; rQ`/b BM b2Mi2M+2bX h?2 b2+QM/
QM2 H2`Mb 72im`2b KQM; i?2 b2Mi2M+2b BM +QMp2`bBQMbX 1+? bm#bi`m+im`2 Bb 7mH}HH2/ #v 
e
GahJ@_LL KQ/2HX 7i2` TbbBM; i?`Qm;? irQ GahJ@_LL KQ/2Hb- i?2 BM7Q`KiBQM BM i?2
+QMp2`biBQM Bb +QKT`2bb2/ bB;MB}+MiHvX "2+mb2 Q7 i?2 +QKT`2bbBQM- i?2 i`BMBM; bT22/ Bb
HbQ BM+`2b2/X
GbiHv- 7QHHQrBM; i?2 /2i2+iBQM Q7 bmbTB+BQmb +QMp2`biBQMb- i?2 +QMp2`biBQMb `2 `2;`QmT2/
#v T`iB+BTMibX 6Q` `2;mH` mb2`b- `2;`QmTBM; rBHH MQi +?M;2 i?2 b2MiBK2Mi b+Q`2 bB;MB}@
+MiHvX h?2 bK2 T`iB+BTMi BM /Bz2`2Mi +QMi2tib rBHH ;2M2`i2 +QKTH2i2Hv /Bz2`2Mi ivT2b
Q7 b2Mi2M+2 M/ iQTB+b Q7 +QMp2`bBQMX h?2 b2MiBK2Mi 72im`2b rBHH HbQ #2 #Hm``2/X PM i?2
+QMi``v- ++Q`/BM; iQ Qm` bKTH2 MHvbBb- b2tmH T`2/iQ`b mbmHHv i2M/ iQ HmM+? ii+F
QM /Bz2`2Mi pB+iBKb rBi? bBKBH` Tii2`Mb BX2X- bFBM; 7Q` T`Bp+v BM7Q`KiBQM /B`2+iHvX "v
`2;`QmTBM; i?2 +QMp2`biBQMb Q7 T`iB+BTMib- i?2 +QMi2ti BM7Q`KiBQM rBHH #2 r2F2M2/ M/
#`QF2MX >Qr2p2` i?2 Tii2`Mb Q7 T`2/iQ`b rBHH #2 2tTQb2/ mM/2` i?2 bTQiHB;?i Q7 `M/QK
iQTB+b ;2M2`i2/ #v `2;mH` mb2`bX b i?2 i`Mb7Q`KiBQM rBHH bTHBi +QMp2`biBQMb BMiQ bKHH
T`ib- r?BH2 i?2`2 `2 KbbBp2 B``2H2pMi b?Q`i b2Mi2M+2b BMpQHp2/ BM i?2 i`BMBM; Q7 +HbbB@
}2`- i?2 Tii2`Mb Q7 b2tmH T`2/iQ`b #2+QK2 Q#pBQmbX AM i?Bb bBimiBQM-  p2`v b?HHQr M/
7bi@i`BMBM; M2m`H M2irQ`F Bb M22/2/ iQ /Q i?2 b+Q`BM; rQ`FX  6bii2ti@#b2/ b2MiBK2Mi
b+Q`2 KQ/2H Bb BMi`Q/m+2/ iQ B/2MiB7v b2tmH T`2/iQ`b #v b+Q`BM; i?2 mi?Q`bX h?2 QmiTmi
pHm2 Q7 6bii2ti Bb iF2M b b+Q`2X b i?2 +QMp2`biBQMb `2 bTHBi BMiQ /Bz2`2Mi ;`QmTb #v
mi?Q`- i?2 b2MiBK2Mi b+Q`2b BM /Bz2`2Mi +QMp2`biBQM b?QmH/ #2 p2`;2/X Pm` `2bmHib BM/B@
+i2 i?i- 2p2M i?Qm;? i?2 pB+iBKb `2 bQK2iBK2b bbB;M2/  p2`v TQbBiBp2 b+Q`2- i?2 b2tmH
T`2/iQ`b Hrvb ;2i  Km+? ?B;?2` b+Q`2X h?Bb Bb #2+mb2 i?2 T`2pBQmb GahJ@_LL +Hb@
bB}2` ?b H`2/v /2i2+i2/ i?2 bmbTB+BQmb +QMp2`biBQMbX AM i?Bb rv- i?2 b2tmH T`2/iQ`b
M/ pB+iBKb +M #2 `2+Q;MBx2/ p2`v T`2+Bb2Hv pB b2MiBK2Mi b+Q`2X
RXj *QMi`B#miBQMb
h?2 2tT2`BK2Mi +?B2p2/ M 6@yX8 b+Q`2 Q7 yXN888 QM aSAX 6BMHHv- kye Qmi Q7 k89 T`2/iQ`b
r2`2 B/2MiB}2/ #v i?2 BMi2`b2+iBQM Q7 irQ +HbbB}2`b rBi? x2`Q 2``Q`- r?B+? 2t+22/2/ i?2 #2bi
`2bmHi (9) Q7 i?2 Q{+BH `MFBM; Ukyj Qmi Q7 k89 rBi? j KBb+HbbB}+iBQMbVX h?2 +QMi`B#miBQMb
Q7 i?Bb i?2bBb `2 i?`22@7QH/ U6B;m`2 RX9V- MK2Hv,
d
Ç GahJ@_LL Bb BMi`Q/m+2/ iQ ;2M2`i2 b2Mi2M+2 p2+iQ`b 2bT2+BHHv 7Q` b2Mi2M+2b M2p2`
b22M #27Q`2 Uh?2 rQ`/b Q7 i?2 b2Mi2M+2b Kmbi #2 BM i?2 i`BMBM; pQ+#mH`vVX
Ç AMi2`M2i JQpB2 .i#b2 UAJ."V b2MiBK2Mi MHvbBb /ib2i (R8) Bb mb2/ iQ i2bi i?2
T2`7Q`KM+2 Q7 b2Mi2M+2 p2+iQ`b KQ/2HX
Ç a2MiBK2Mi b+Q`2 Bb BMi`Q/m+2/ iQ BKT`Qp2 i?2 T2`7Q`KM+2 Q7 b2tmH T`2/iQ`b B/2M@
iB}+iBQMX
6B;m`2 RX9, >B;?HB;?ib Q7 Qm` rQ`FX
RX9 Pp2`pB2r Q7 h?2 h?2bBb
h?2 `2Hi2/ rQ`F M/ /Bz2`2Mi TT`Q+?2b `2 bmKK`Bx2/ BM i?2 GBi2`im`2 _2pB2r +?T@
i2`X AM i?Bb b2+iBQM- i?2 ?B;?HB;?i Q7 i?2B` T2`7Q`KM+2- +HbbB}2`b- M/ T`Q+2bbBM; `mH2b
`2 +QKT`2/X h?2 MHvbBb Q7 /pMi;2b M/ /Bb/pMi;2b Q7 i?2B` K2i?Q/QHQ;v `2
HBbi2/X
3
Pm` TT`Q+? Bb 2tTHBM2/ BM i?2 J2i?Q/QHQ;v +?Ti2`X Ai /2b+`B#2b i?2 /2iBHb M/ #+F@
;`QmM/ Q7 /i T`Q+2bbBM;- M2m`H M2irQ`F KQ/2H bi`m+im`2- M/ b2MiBK2Mi b+Q`2 KQ/2HX Ai
HbQ T`QTQb2b i?2 MQp2H T`Q+2/m`2 Q7 b2tmH T`2/iQ`b /2i2+iBQM M/ ?Qr 2+? +QKTQM2Mi
7mM+iBQMX h?2 /2iBH Q7 i?2 b2Mi2M+2 p2+iQ`b @ i?2 F2v 72im`2 iQ ++2H2`i2 i?2 i`BMBM;
T`Q+2/m`2 @ Bb BMi`Q/m+2/X
h?2 2tT2`BK2MiH rQ`F +QM/m+i2/ BM i?Bb `2b2`+? Bb /2b+`B#2/ BM i?2 1tT2`BK2MiH +?Ti2`X
Ai BM+Hm/2b /ib2i /2b+`BTiBQM- i?2 T2`7Q`KM+2 M/ +QKT`BbQM Q7 2+? +HbbB}2` M/ i?2
+QM};m`iBQM Q7 i?2 M2m`H M2irQ`FX h?2 AJ." b2MiBK2Mi MHvbBb rQ`F Bb BMi`Q/m+2/ iQ
K2bm`2 i?2 MQp2H K2i?Q/ r2 TTHB2/ BM aSA +QKT2iBiBQMX
h?2 2tT2`BK2MiH `2bmHib Q7 i?Bb `2b2`+? Bb /2b+`B#2/ BM i?2 _2bmHib +?Ti2`X h?2 `2bmHib
Q7 i`BMBM; HM;m;2 KQ/2H- a*. +HbbB}2` M/ b2MiBK2Mi b+Q`2 KQ/2H `2 /2iBH2/ BM i?Bb
b2+iBQMX Ai HbQ +QKT`2b i?2 T2`7Q`KM+2 Q7 i?2 b2Mi2M+2 p2+iQ` BM #Qi? AJ." M/ aSA
rQ`FX
6BMHHv- i?2 +QM+HmbBQM +?Ti2` bmKK`Bx2b i?2 i?2bBb M/ T`QTQb2b TQi2MiBH `2b2`+? Ti?@




kXR S`Qb M/ *QMb Q7 *QKKQM J2i?Q/QHQ;B2b
JQbi Q7 i?2 +QKT2iBiQ`b i i?2 SL@kyRk iQQF +QKKQM bi`i2;v iQ mb2 irQ +HbbB}2`b 7Q`
bmbTB+BQmb T`2/iQ` B/2MiB}+iBQMX i }`bi- i?2 +HbbB}2` rBHH #2 i`BM2/ iQ +HbbB7v bmbTB+BQmb
+QMp2`biBQMb iQ b22 B7 i?2`2 Bb  T`2/iQ` BMpQHp2/ (9)Ĝ(e)X h?2M- MQi?2` +HbbB}2` 7Q`
T`2/iQ` B/2MiB}+iBQM rBHH #2 TTHB2/ #b2/ QM T`2pBQmb +HbbB}+iBQM `2bmHibX Pm` rQ`F
HbQ BMpQHp2b T`i Q7 i?Bb +QK#BM2/ TT`Q+?X .Bz2`2Mi 7`QK Qm` rQ`F- Qi?2` `2b2`+?2`b
mbmHHv /2bB;M  ;`QmT Q7 +QKTH2t M/ bT2+B}+ bi`i2;B2b iQ `2KQp2 MQBb2 Q` iQ 2ti`+i
72im`2bX h?2 BMi`Q/m+iBQM Q7 KMmH `mH2b rBHH bBKTHB7v i?2 T`Q#H2K- `2/m+2 i?2 iQiH
i`BMBM; bKTH2b iQ ++2H2`i2 i?2 H2`MBM; bT22/X lMHBF2 /22T H2`MBM;- bQ`i Q7 #H+F #Qt-
`mH2@#b2/ 72im`2 2ti`+iBQM K2i?Q/b rBHH +HbbB7v bKTH2b BM  ?mKM@mM/2`biM/#H2 rvX
PM i?2 +QMi``v- i?Bb FBM/ Q7 K2i?Q/ TTHB2b iQQ KMv ?mKM QTBMBQMb- BX2X- ?B;? H2p2H
/BK2MbBQM Q7 72im`2b- BMiQ +HbbB}+iBQM rQ`FX h?2 ;2M2`HBxiBQM #BHBiv Q7 i?2 +HbbB}2`
Kv #2 HBKBi2/ B7 iQQ KMv ?mKM bmKK`Bx2/ 72im`2b `2 BM+Hm/2/X
b KQbi `2b2`+?2`b BM aSA mb2/ i`/BiBQMH K+?BM2 H2`MBM; K2i?Q/- i?2 `mH2@#b2/ T`2@
T`Q+2bbBM; K2i?Q/b `2 [mBi2 mb27mHX qBi? i?2 BMi`Q/m+iBQM Q7 M@;`Kb- i?2 bB/2 2z2+i Bb i?2
H`;2 MmK#2` Q7 K2MBM;H2bb 72im`2b- BX2X- MQBb2bX "v mbBM; i?2 h6@A.6 r2B;?iBM; bi`i2;v-
i?2 MQBb2b rBi?BM i?2 bKTH2b `2 `2/m+2/X
Ry
>Qr2p2`- KMmH `mH2b 7Q` 72im`2b 2ti`+iBQM BM (3)Ĝ(Ry) Kv `2/m+2 i?2 ;2M2`HBxiBQM
#BHBiv #2+mb2 QMHv i?2 bKTH2 i?i Ki+?2b i?2 `mH2b +M #2 +HbbB}2/X L2m`H M2irQ`F
HM;m;2 KQ/2H TT`Q+? +M bQHp2 i?2b2 T`Q#H2KbX >Qr2p2`- 2p2M i?Qm;? i?2 M2m`H
M2irQ`F rb TTHB2/ BM (9)- QMHv #Qmi RyW Q7 i?2 bKTH2b `2KBM2/ 7Q` i`BMBM; M/ i2biBM;X
am+? `2KQpH +QmH/ BM~m2M+2 i?2 ;2M2`HBxiBQM #BHBiv Q7 i?2 +HbbB}2`X h?2 i`mM+iBQM `mH2b
#`BM; KMv mM+HbbB}#H2 bKTH2b BX2X- R9y-yyy BM R8y-yyyX h?2`27Q`2- i?2 /pMi;2b Q7
M2m`H M2irQ`F `2 `2bi`B+i2/X AM Qi?2` rQ`/b- i?i KQ/2H +MMQi +HbbB7v i?2 bKTH2b
2t+Hm/2/ #v `mH2bX
kXk G2tB+H 62im`2b
*mbiQKBx2/ +Q`TQ`- 7Q` 2tKTH2- bT2+BH i2`Kb Q` M@;`K `2 mb2/X _2b2`+?2`b #mBHi i?2
72im`2b #v bbB;MBM; b?Q`i MmK#2` M ;2 H#2H ǳvQmM;Ǵ- ǳ/mHiǴ- Q` ǳQH/Ǵ (8) M/ i`v
iQ bT2+B7v i?2 ;2M/2` Q7 i?2 +QMp2`biBQMǶb T`iB+BTMi #b2/ QM `mH2bX h?2 M@;`K M/
JtBKmK@1Mi`QTv Bb TQTmH` 72im`2 2ti`+iBQM K2i?Q/b b r2HHX aT2+B}+HHv- 8@;`K rb
mb2/ BM +HbbB}+iBQM rQ`F (d) i?i `2[mB`2b ?m;2 +QKTmiiBQM `2bQm`+2b M/  HQM; T2`BQ/
7Q` i`BMBM; M/ +HbbB7vBM;X 6Q` i?2 H2tB+H 72im`2 Q7 M@;`K r?B+? M Bb 72r2` i?M i?`22
BM (9)- (8)- (3)- (N)- b i?2`2 Bb  H`;2 MmK#2` Q7 +v#2` bHM;b- i?2 i`BMBM; +Q`Tmb Bb HBF2Hv iQ
#2 bm#K2`;2/ #v B``2H2pMi MQBb2X
kXj "2?pBQm`H 62im`2b
MQi?2` +i2;Q`v Q7 72im`2b Bb #2?pBQm`H 72im`2bX "2?pBQm`H 72im`2b `2 i?2 +iBQMb Q7
 T`iB+BTMi Q7  +QMp2`biBQMX h?2 `2b2`+?2` BM (Rj) `272``2/ iQ 8R ?M/@+Q/2/ Tii2`Mb iQ
/2b+`B#2 i?2 +QMp2`biBQMX 6Q` 2tKTH2- [m2biBQMb `2;`/BM; i?2 7KBHv Q7 pB+iBKb- T`Bp+v
[m2biBQMb- M/ K22iBM; `2[m2bibX aQK2 `2b2`+?2`b bmKK`Bx2/ b2tmH T`2/iQ`b +iBQMb
bvbi2KiB+HHv (9)- (3)- (N)X h?Qb2 ivT2b Q7 72im`2b `2 mbmHHv #b2/ QM i?2 `2bmHi Q7 i`BMBM;
/i MHvbBb- 2X;X- H2M;i? Q7 +QMp2`biBQMb- Tbv+?QHQ;B+H 72im`2b- M/ ii+FBM; bi;2bX
h?2 Tbv+?QHQ;B+H 2ti`+iBQM K2i?Q/ +i2;Q`Bx2b rQ`/b BM ;2M2`H i?i `2~2+i i?2 mM/2`HvBM;
RR
Tbv+?QHQ;v +?`+i2`BbiB+bX 6Q` i?2 ii+FBM; bi;2 72im`2b- `2b2`+?2`b +i2;Q`Bx2 +QKKQM
ii+FBM; T`Q+2/m`2 Q7 T`2/iQ`b M/ iF2 i?2 bi;2b b i`BMBM; Ki2`BHb iQ i`BM i?2
HM;m;2 KQ/2HX
kX9 L2m`H L2irQ`F GM;m;2 JQ/2H
L2m`H M2irQ`F HM;m;2 KQ/2H rb BMi`Q/m+2/ BM (Re)X 7i2` i?i  b2`B2b Q7 /2`Bp2/ p2`bBQM
(Rd)Ĝ(RN)- BX2X- rQ`/ 2K#2//BM;b- b2Mi2M+2 2K#2//BM;b 2i+X Bb rB/2Hv TTHB2/ BM Lim`H
GM;m;2 S`Q+2bbBM; ULGSV rQ`FX Ai b?Qrb p2`v bi`QM; #BHBiv BM LGS ibFb BM i2`Kb Q7
b2Mi2M+2 2K#2//BM; Q` /Q+mK2Mi 2K#2//BM;X "2+mb2 Bi Bb ?`/ 7Q` i?Qb2 HM;m;2 KQ/2Hb
iQ `2T`2b2Mi b2Mi2M+2b M2p2` b22M #27Q`2- i?2 M2r b2Mi2M+2 r?B+? Bb MQi BM i?2 i`BMBM;
/ib2i rBHH #2  T`Q#H2KX lMHBF2 p`BQmb Q7 2K#2//BM;b- (RN) T`QTQb2/  KQ`2 +QKTiB#H2
K2i?Q/ rBi? b2[m2M+2 iQ b2[m2M+2 KQ/2H iQ p2+iQ`Bx2 b2Mi2M+2b #b2/ QM i?2 T`2+2/BM; M/
M2ti b2Mi2M+2bX
kX8 a2MiBK2Mi a+Q`2
h?2`2 `2 irQ KBM ivT2b Q7 b2MiBK2Mi MHvbBb ibFb r?B+? `2 QMHBM2 b2`pB+2 `iBM; (ky)
M/ KQpB2 `2pB2r (R8)X AM i?2 2MiB`2 AJ." b2MiBK2Mi MHvbBb /ib2i- KQpB2b rBi? 72r2`
i?M jy `2pB2rb Q` rBi? M2mi`H `iBM;b `2 MQi BM+Hm/2/X  M2;iBp2 `2pB2r ?b  b+Q`2
HQr2` i?M 9 Qmi Q7 Ry- M/  TQbBiBp2 `2pB2r ?b  b+Q`2 ?B;?2` i?M d Qmi Q7 RyX
6Q` i?2 b+Q`2 KQ/2H- a2p2`vM M/ JQb+?BiiB (kR) mb2/ i?2 /BbiM+2 iQ i?2 K`;BM Q7 aoJ
b b2MiBK2Mi b+Q`2- i?2 H`;2` i?2 /BbiM+2 Bb- i?2 KQ`2 TQbBiBp2 Q` M2;iBp2 Bi rBHH #2
U6B;m`2 kXRVX MQi?2` TQTmH` b+Q`2 KQ/2H iF2b i?2 QmiTmi Q7 i?2 M2m`H M2irQ`F b
b+Q`2- BX2X- y K2Mb p2`v M2;iBp2 M/ R K2Mb p2`v TQbBiBp2 U6B;m`2 kXkVX .22T M2m`H
M2irQ`F Bb HbQ  TQTmH` `2 7Q` b2MiBK2Mi MHvbBbX >QM; M/ 6M; (kk) +QKT`2/ i?2
T2`7Q`KM+2 Q7 /Bz2`2Mi M2m`H M2irQ`F KQ/2Hb M/ i`/BiBQMH K+?BM2 H2`MBM; K2i?Q/b
QM AJ." b2MiBK2Mi /ib2ib- bm+? b +QMpQHmiBQMH M2m`H M2irQ`F U*LLV- MBp2 "v2b
Rk
6B;m`2 kXR, aoJ b b2MiBK2Mi b+Q`2 KQ/2HX
aoJ UL"aoJV (kj)- M/ GahJ@_LLX
Hi?Qm;? p2`v /22T M2m`H M2irQ`Fb ?p2 bi`QM; +T#BHBiv QM LGS ibFb- i?2 i`BMBM;
+Qbi +MMQi #2 M2;H2+i2/X 6bii2ti (k9) Bb  M2m`H M2irQ`F rBi? bi`m+im`2 r?B+? Bb ;QQ/
i T`Q+2bbBM; b2MiBK2Mi MHvbBb ibFbX Ai +QK#BM2b #; Q7 rQ`/b- rQ`/@2K#2//BM;- M/
p2`;2 TQQHBM; rBi? 7mHHv@+QMM2+i2/ Hv2`bX h?Bb p2`v bBKTH2 bi`m+im`2 #`BM;b BKT`2bbBp2
++m`+v M/ bT22/ U6B;m`2 kXj- 6B;m`2 kX9VX qBi? bm+? /pMi;2b- Bi +M #2 b2MiBK2Mi
b+Q`2 KQ/2H 7Q` aSA rQ`FX AM i?2 M2ti +?Ti2`- i?2 K2i?Q/QHQ;B2b mb2/ BM Qm` rQ`F `2
BMi`Q/m+2/X
Rj
6B;m`2 kXk, L2m`H L2irQ`F b+Q`2 KQ/2HX h?2 QmiTmi pHm2b Q7 aQ7iKt Hv2` `2 b+Q`2bX
6B;m`2 kXj, S2`7Q`KM+2 Q7 6bii2ti QM b2MiBK2Mi /ib2ib (k9)X





h?2 TT`Q+? BMpQHp2b i?`22 ivT2b Q7 M2m`H M2irQ`Fb- BX2X- GahJ@_LL HM;m;2 KQ/2H-
GahJ@_LL +HbbB}2`- M/ 6bii2ti b2MiBK2Mi b+Q`2 KQ/2HX GahJ@_LL HM;m;2 KQ/2H
Bb mb2/ iQ KQ/2H b2Mi2M+2b rBi?BM +QMp2`biBQMbX Aib ?B//2M bii2b rBHH #2 mb2/ iQ `2T`2b2Mi
i?2 b2Mi2M+2bX h?2 GahJ@_LL +HbbB}2` Bb TTHB2/ iQ H2`M i?2 `2HiBQM KQM; b2Mi2M+2bX
h?2 6bii2ti +HbbB}2` Bb i?2 b+Q`2 KQ/2H 7Q` }M/BM; T`2/iQ`bX M 2ti` b2MiBK2Mi b+Q`2
KQ/2H MK2/ 6bii2ti Bb BMi`Q/m+2/X h?2 Tm`TQb2 Q7 /QBM; bQ Bb #b2/ QM i?2 ?vTQi?2bBb
i?i i?2 T`iB+BTMib Q7 +QMp2`biBQMb iHF iQ 2+? Qi?2` rBi? 2KQiBQM M/ T2`bQMH 722HBM;bX
h?2M i?2 b2Mi2M+2 i?2v ;2M2`i2 BM +QMp2`biBQM +M #2 `i2/ #v mbBM; b2MiBK2Mi b+Q`2X
AM i?Bb rv- i?2 TQTmH` b2MiBK2Mi b+Q`2 K2i?Q/QHQ;B2b +M #2 TTHB2/ iQ `i2 i?2 b2tmH
T`2/iQ`b M/ `2;mH` mb2`b #v bbB;M i?2K  b+Q`2 7`QK y U`2;mH` mb2`bV iQ R Ub2tmH T`2/@
iQ`bVX AM Qi?2` rQ`/b- iFBM; i?2 b2Mi2M+2b ;2M2`i2/ #v /Bz2`2Mi T`iB+BTMib b i`BMBM;
/i Bb  mb27mH m;K2MiiBQM K2i?Q/X Ai rBHH `2mb2 i?2 bK2 /i BM /Bz2`2Mi /BK2MbBQMX
h?2 TQi2MiBH 72im`2b i?i `2T`2b2Mi b2MiBK2Mi rBHH #2 +QM+2Mi`i2/ #v `2;`QmTBM;X h?2
+HbbB}2`b +M H2`M 72im`2b 7`QK +QMp2`biBQMb b+QT2 M/ T`iB+BTMib b+QT2X
R8
jXk S`Q+2bbBM;
jXkXR _QH2 Q7 S`Q+2bbBM;
h?2 T`Q+2bbBM; T`i Bb BMi`Q/m+2/ iQ KF2 bm`2 i?i i?2 HM;m;2 KQ/2H M/ b2MiBK2Mi b+Q`2
KQ/2H +M mb2 i?2 /i rBi? HQr MQBb2 H2p2HX h?2 i2`Kb- b2Mi2M+2b- 2p2M +QMp2`biBQMb i?i
Ki+? i?2 }Hi2` `mH2b rBHH #2 `2KQp2/ Q` `2TH+2/X h#H2 jXR b?Qrb i?2 MmK#2` Q7 bKTH2b
#27Q`2 M/ 7i2` }Hi2`BM;
h#H2 jXR, ii`B#mi2b Q7 SL@kyRk /ib2i
h`BMBM; h2bi
hvT2 P`B;BMH 6BHi2`2/ P`B;BMH 6BHi2`2/
SQbBiBp2 kyRe Ry33 je39 R33y
L2;iBp2 e9NRR 8k389 R8RkRy RkjkkN
LQM@T`2/iQ`b Nd89d NdkNR kR3933 kRdNNd
S`2/iQ`b R9k Rj3 k89 kR8
jXkXk S`Q+2bbBM; ai`i2;B2b
h?2 SL@kyRk /ib2i (j) +QMiBMb  ;`2i MmK#2` Q7 +?i ##`2pBiBQMb- +v#2` bHM;b-
M/ 2KQiB+QMb 2i+X- r?B+? rBHH BM+`2b2 i?2 T2`TH2tBiv Q7 HM;m;2 KQ/2HX h?2 H2M;i? Q7
+QMp2`biBQMb p`B2b 7`QK QM2 iQ MQi?2`X E2vrQ`/b `2TH+2K2Mi Bb  TQTmH` T`2T`Q+2bbBM;
K2i?Q/ BM LGS rQ`FX hQ T`2/B+i i?2 M2ti rQ`/ KQ`2 ++m`i2Hv- MQBb2 `2KQpH Bb BM/Bb@
T2Mb#H2X >Qr2p2`- iQ b2+m`2 i?2 ;2M2`HBxiBQM #BHBiv Q7 i?2 KQ/2H- i?2 `2KQpH K2i?Q/b
b?QmH/ F22T b Km+? `r BM7Q`KiBQM b TQbbB#H2 iQ i`mHv `2~2+i i?2 +imH 2MpB`QMK2MibX
aQK2 rQ`/b Q` ##`2pBiBQMb Kv +QMp2v BKTQ`iMi BM7Q`KiBQM- 7Q` 2tKTH2- v`b K2Mb
v2`b- m` K2Mb vQm`- 2i+X- i?2`27Q`2 `2+Qp2`v Q7 i?2b2 ##`2pBiBQMb Bb HbQ M2+2bb`vX am+?
`2KQpH M/ `2TH+2 bi`i2;B2b rBHH HbQ `2/m+2 i?2 p2`;2 H2M;i? Q7 b2Mi2M+2bX HH i?2
bi`i2;B2b 7Q` T`Q+2bbBM; `2 HBbi2/ #2HQr,
Ç _2TH+2 HH MmK#2`b #v i?2 bvK#QH yyLlJX ++Q`/BM; iQ Qm` bKTH2 MHvbBb- i?2
T`2/iQ`b `2 HBF2Hv iQ bF i?2 ;2 Q7 pB+iBKb iQ }M/ i?2B` i`;2ibX JQ`2 bT2+B}+HHv-
Re
i?2 +QMp2`biBQM T`iB+BTi2/ #v b2tmH T`2/iQ`b M/ pB+iBKb mbmHHv BM+Hm/2b ;2
BM7Q`KiBQM BM MmK#2` 7Q`KX >Qr2p2`- Bi Bb ?`/ iQ /2}M2 vQmM; Q` QH/ #v T`QpB/BM;
;2 `M;2bX lMHBF2 T`2pBQmb `2b2`+?2`b r?Q bTHBi MmK#2`b BMiQ /Bz2`2Mi ;2 ;`QmTb
(8)- Qm` bi`i2;v Bb /2bB;M2/ iQ F22T `r BM7Q`KiBQM b Km+? b TQbbB#H2X b i?2
M2m`H M2irQ`F mbmHHv H2`Mb i?2 72im`2b BM Bib QrM rv- Bi Bb BKTQ`iMi iQ F22T HQr@
H2p2H 72im`2b 7Q` H2`MBM;X PM i?2 Qi?2` ?M/- i?2`2 `2 KMv `2;mH` +QMp2`biBQMb
BM+Hm/BM; MmK#2`bX A7 2+? MmK#2` Bb bbB;M2/ M ;2 ;`QmT H#2H- Bi rBHH ;2M2`i2
MQBb2b M/ i?mb BMi2`72`2 rBi? i?2 +HbbB}2`X
Ç _2TH+2 HH rQ`/b HQM;2` i?M jy +?`+i2`b #v bvK#QH yyGqX 6Q` +QMp2MB2M+2- SL
`2TH+2/ mi?Q`Ƕb MB+FMK2 #v mbBM; mb2` A. BX2X-  HQM; ?b? +Q/2X h?Bb `2TH+2K2Mi
;2M2`i2/ bQK2 ?b? +Q/2b BMbB/2 i?2 +QMp2`biBQMbX h?2`2 `2 KMv 7`22 bivH2 HQM;
rQ`/b- bm+? b bQ``````ĘXv- M/ `M/QKHv ivT2/ i2`Kb BM SL bmbTB+BQmb +QMp2`biBQM
bKTH2bX Ai Bb #2+mb2 i?Qb2 +QMp2`biBQMb `2 +QHH2+i2/ 7`QK i?2 AMi2`M2iX h?2 HQM;
K2MBM;H2bb rQ`/b rBHH HbQ BM+`2b2 i?2 T2`TH2tBiv Q7 i?2 HM;m;2 KQ/2HX PM i?2
Qi?2` ?M/- i?2 rQ`/@7`2[m2M+v Q7 HQM; rQ`/b Bb p2`v HQrX Hi?Qm;? Bi Bb ?`/ iQ
H2`M 72im`2b 7`QK i?2KX
Ç _2TH+2 i?2 l_G rBi? bvK#QH yyl_G BM i?2 /iX lbmHHv i?2 l_G +QMbBbib Q7
K2MBM;7mH rQ`/bX "mi i?2 /i r2`2 +QHH2+i2/ 7`QK i?2 AMi2`M2iX h?2 7Q`K Q7 l_Gb
bm+? b ?iiT,ff- 7iT,ff- M/ }H2,ff `2 [mBi2 +QKKQM BM MQ`KH +QMp2`bBQMbX Ai Bb
M2+2bb`v iQ `2TH+2 l_Gb rBi?  bBM;H2 bvK#QH iQ Q#iBM bi#H2 bKTH2b rBi? HQr
MQBb2 H2p2HX
Ç _2KQp2 HH MQM@b+BB +?`bX aBM+2 T`iB+BTMib Q7 +QMp2`biBQMb `2 MQi HH MiBp2
1M;HBb? bT2F2`b M/ i?2`2 Bb MQ `2bi`B+iBQM QM +?i +?`b2i- i?2`2 `2 KMv MQM@b+BB
+?`b BM i?2 bKTH2bX h?2`27Q`2- `2KQpBM; i?Qb2 +?`b rBHH HbQ `2/m+2 i?2 MQBb2X i
i?2 bK2 iBK2- i?2 bBx2 Q7 +Q`Tmb rBHH HbQ #2 `2/m+2/X
Ç _2KQp2 HH 2KQiB+QMbX lMHBF2 Qi?2` `2b2`+?2`b mbBM; 2KQiB+QMb b KMmH 72im`2b iQ
BM/B+i2 i?2 2KQiBQM Q` b2MiBK2Mi BM +QMp2`biBQMb- #b2/ QM Qm` /i MHvbBb rQ`F-
Bi Bb mMHBF2Hv 7Q` b2tmH T`2/iQ`b iQ mb2 2KQiB+QMb iQ +QM/m+i b2tmH #mb2 #2?pBQ`bX
PM i?2 Qi?2` ?M/- Bi Bb ?`/ iQ i2HH i?2 /Bz2`2M+2 #2ir22M MQ`KH TmM+imiBQMb M/
Rd
2KQiB+QMb rBi?Qmi BMi`Q/m+BM; +QKTH2t `mH2bX
Ç _2+Qp2` TQTmH` v2i mMQ{+BH ##`2pBiBQMbX h?2 mi?Q`b i2M/ iQ mb2 +v#2` bHM;b BM
i?2B` +QMp2`biBQMbX 6Q` 2tKTH2- m- `- M/ m` 2i+X- r?B+? Q#pBQmbHv +M #2 H2`Mi #v
M2m`H M2irQ`Fb b 72im`2bX AM T`iB+mH`- Bi Bb M2+2bb`v iQ `2+Qp2` i?2 ##`2pBiBQMb
HBF2 TB+b- +K- M/ v`b- r?B+? `2 +QKKQM BM +QMp2`biBQMb BMpQHpBM; b2tmH T`2/iQ`bX
Ç qQ`/b rBi? i2`K@7`2[m2M+v Q7 H2bb i?M Ry `2 `2KQp2/ b MQBb2 M/ i?2 `2KBMBM;
rQ`/b `2 bQ`i2/ #v i2`K 7`2[m2M+vĜBMp2`b2 /Q+mK2Mi 7`2[m2M+v Uh6@A.6V r2B;?ibX
jXj _2+m``2Mi L2m`H L2irQ`F
jXjXR TTHB+iBQMb BM Pm` qQ`F
_2+m``2Mi M2m`H M2irQ`F U_LLV Bb mb2/ b  +HbbB}2` M/ HM;m;2 KQ/2H BM Qm` rQ`FX
h?2`2 `2 irQ ivT2b Q7 H2`MBM; K2i?Q/b BX2X- bmT2`pBb2/- M/ mMbmT2`pBb2/X h?2 bmT2`pBb2/
_LL KQ/2H Bb i?2 +HbbB}2` r?B+? B/2MiB}2b bmbTB+BQmb +QMp2`biBQMbX lMbmT2`pBb2/ _LL
KQ/2H- Q` M2m`H HM;m;2 KQ/2H- Bb mb2/ iQ H2`M i?2 72im`2b BMbB/2 +QMp2`biBQMb M/
`2T`2b2Mi i?2 b2Mi2M+2bX h?2 b2Mi2M+2b `2 }`biHv 72/ BMiQ i?2 mMbmT2`pBb2/ KQ/2H iQ ;2i
/2Mb2 `2T`2b2MiiBQMbX 7i2` i?i- rBi? i?2 /2Mb2 `2T`2b2MiiBQMb- i?2 bmT2`pBb2/ _LL
+HbbB}2` H2`Mb i?2 72im`2b Q7 T`2/iQ`bǶ +QMp2`biBQMb U6B;m`2 jXRVX
6B;m`2 jXR, hrQ _LLb rQ`F iQ;2i?2` iQ B/2MiB7v bmbT2+i +QMp2`biBQMbX
jXjXk Pp2`pB2r Q7 _LLb
M _LL Bb  M2m`H M2irQ`F KQ/2H i?i T`Q+2bb2b 2H2K2Mib Q7  b2[m2M+2 QM2 #v QM2
M/ H2`Mb i?2 /2T2M/2M+B2b KQM; T`2pBQmb BMTmibX AM MQi?2` rQ`/- Bi K2KQ`Bx2b i?2
R3
BM7Q`KiBQM i?i ?b #22M T`Q+2bb2/X Ai Bb M `iB}+BH M2m`H M2irQ`F i?i KF2b mb2
Q7 b2[m2MiBH BM7Q`KiBQM- bm+? b HQM; i2ti- iBK2b b2`B2b /i 2X;X- +QmbiB+ /i- biQ+Fb
2i+X
aBKTH2 7mHHv +QMM2+i2/ M2m`H M2irQ`Fb iF2 HH BMTmib- BM/2T2M/2Mi Q7 QM2 MQi?2`X >Qr@
2p2`- 7Q` KQbi ibFb- Bi Bb MQi ;QQ/ 2MQm;?X A7 vQm `2 ;QBM; iQ T`2/B+i i?2 T`B+2 Q7 biQ+Fb-
vQm M22/ iQ FMQr Bib ?BbiQ`B+H T2`7Q`KM+2 M/ i?2 i`2M/ Q7 i?2 K`F2iX AM Qm` `2b2`+?
iQTB+- B7 vQm `2 ;QBM; iQ T`2/B+i  +?i +QMi2Mi- vQm M22/ iQ FMQr T`2pBQmb +QMp2`biBQMbX
_2+m``2Mi K2Mb Q++m``BM; `2T2i2/Hv BX2X- 2+? bBM;H2 2H2K2Mi Q7  b2[m2M+2 Bb T`Q+2bb2/
#v i?2 bK2 M2m`H +2HHb Q7 _LLbX h?2`27Q`2- i?2 +iBpiBQM QmiTmib Q7 i?2 _LLb `2 /2@
T2M/2Mi QM T`2pBQmb BMTmibX _LLb +M H2`M FMQrH2/;2 `#Bi``BHv BM H2M;i? Q7 b2[m2M+2bX
>Qr2p2`- mbmHHv Bi Bb QMHv #H2 iQ `QHH #+F 7Q`  72r bi2TbX
6B;m`2 jXk, ai`m+im`2 Q7 mM7QH/2/ _LL (k8)X
RN
6B;m`2 jXj, AMTmib `2 72/ BMiQ i?2 _LL rBi? /Bz2`2Mi iBK2 bi2Tb (ke)X
jXjXj Ji?2KiB+b BM _LL
6B;m`2 jXk b?Qrb M _LL mM7QH/2/ BMiQ  bBKTH2 7mHHv +QMM2+i2/ M2m`H M2irQ`FX 6Q`
2tKTH2 U6B;m`2 jXjV- i?2`2 Bb  b2Mi2M+2 Q7 i?`22 rQ`/bX Ai Bb  i?`22@Hv2` mM`QHH2/ M2m`H
M2irQ`FX 1p2`v bBM;H2 rQ`/ Bb i?2 BMTmi Q7 2+? Hv2`X h?2`2 `2 i?`22 ivT2 Q7 Hv2`b- BX2X-
AMTmi X- >B//2M S- M/ PmiTmi OX h?2 BMTmi Q7 i?2 _LL i iBK2 bi2T i Bb xt ∈ Rn M/
i?2 ?B//2M bii2 Bb st ∈ RmX
st = f(Wxt + Us(t−1)) URV
st Bb +H+mHi2/ #v URV- #b2/ QM i?2 T`2pBQmb ?B//2M bii2 s(t−1) M/ i?2 +m``2Mi BMTmi bi2T
xt r?2`2 i?2 7mM+iBQMf Bb  MQMHBM2` 7mM+iBQM BX2X- tangent Q` ReLU X h?2 yt Bb i?2 QmiTmi
ky
i iBK2 bi2T tX Ai Bb  p2+iQ` Q7 T`Q##BHBiB2b +Q``2bTQM/BM; iQ 2+? rQ`/ BM i?2 pQ+#mH`vX
hQ T`2/B+i i?2 M2ti rQ`/ BM  b2Mi2M+2- i?2 BM/2t rBi? KtBKmK T`Q##BHBiv BM i?2 p2+iQ`
rBHH #2 i?2 rQ`/ BM/2t BM i?2 pQ+#mH`vX h?2 QmiTmi Bb ;Bp2M #v UkVX
ot = Softmax(V st) UkV
lMHBF2  7mHHv +QMM2+i2/ /22T M2m`H M2irQ`F- r?2`2 i?2`2 Bb MQ `2T2i2/ Hv2` 7Q` T`Q+2bbBM;
/Bz2`2Mi BMTmib- i?2 _LL mb2b i?2 bK2 r2B;?ib i?`Qm;?Qmi i?2 2MiB`2 H2`MBM; T`Q+2/m`2X
h?2 `2bQM Bb i?i i?2 bK2 M2m`H +2HH T`Q+2bb2b /Bz2`2Mi BMTmib Q7 i?2 b2[m2M+2X Ai rBHH
`2/m+2 i?2 MmK#2` Q7 M2m`H +2HHb BMbB/2 i?2 M2irQ`FX h?2`2 `2 QmiTmib 7Q` 2+? iBK2
bi2T Q7 _LL- ?Qr2p2`- 7Q` b2MiBK2Mi MHvbBb Q` +HbbB}+iBQM rQ`F- QMHv i?2 Hbi QmiTmi Bb
M22/2/ r?BH2 7Q` HM;m;2 KQ/2H 2+? QmiTmi Bb M22/2/X h?2 p2`v BKTQ`iMi i?BM; Q7 _LL
Bb i?2 ?B//2M bii2- b Bi +Tim`2b mb27mH BM7Q`KiBQM Q7 i?2 b2[m2M+2X
jXjX9 :`/B2Mi oMBb?BM; M/ 1tTHQ/BM;
_LL Bb 72im`2/ #v Bib #BHBiv iQ +Tim`2 /2T2M/2M+B2b BM b2[m2M+2b M/ b?`2 i?2 bK2
T`K2i2`b (U, V,W ) i?`Qm;?Qmi HH bi2TbX h?2Q`2iB+HHv- M _LL H2`Mb i?`Qm;? HH T`2@
pBQmb iBK2 bi2Tb- ?Qr2p2`- /m2 iQ pMBb?BM; ;`/B2Mib T`Q#H2K (kd)- Bi Bb ?`/ iQ +Tim`2
HQM;@i2`K /2T2M/2M+B2bX JQ`2 bT2+B}+HHv- Bi +MMQi H2`M BM7Q`KiBQM 7`QK  HQM; iBK2
;QX 6Q`  bBKTH2 2tKTH2- Ǵh?2 7Q`F Bb QM i?2 i#H2XǴX Ai rBHH MQi M22/ Km+? BM7Q`KiBQM
7`QK T`2pBQmb +QMi2ti iQ T`2/B+i i?2 Ǵi#H2ǴX "mi 7Q`  HQM;2` b2Mi2M+2- ǴA /QMǶi HBF2 +?22b2X
A rBHH MQi 2i SBxxXǴ- h?2 Ǵ2iǴ BM/B+i2b i?i i?2 T`2/B+iBQM rBHH #2  7QQ/ MK2X h?2
+QMi2ti Q7 Ǵ+?22b2Ǵ Bb p2`v BKTQ`iMi 7Q` T`2/B+iBM;X h?2 pMBb?BM; ;`/B2Mi T`Q#H2K rBHH
HBKBi i?2 #BHBiv 7Q` H2`MBM; i?`Qm;? HQM; iBK2X
kR
6B;m`2 jX9, *`Qbb 2Mi`QTv HQbbX
h?2 +`Qbb 2Mi`QTv HQbb Bb ;Bp2M #v, Et(ot, oˆt) = −ot log oˆt r?2`2 ot Bb i?2 ;`QmM/ i`mi? i
iBK2 bi2T t- M/ oˆt Bb i?2 T`2/B+iBQM `2bmHiX AM 6B;m`2 jX9- BX2X- y = −1 ∗ log(x)- H2i y #2
i?2 +`Qbb@2Mi`QTv HQbb M/ H2i x #2 i?2 T`2/B+iBQMX q?2M i?2 T`2/B+iBQM Bb M2` R BX2X- i?2
;`QmM/ i`mi?- i?2 HQbb Bb ;2iiBM; HQr2`X Pi?2`rBb2- i?2 HQbb rBHH #2 BM}MBivX h?2 ;QH Q7
i`BMBM; Bb ;2iiBM; i?2 KBMBKmK HQbbX Ai +M #2 /QM2 #v +H+mHiBM; i?2 ;`/B2Mi Q7 i?2 HQbbX























h?2 QmiTmi Q7 bB;KQB/ +iBpiBQM 7mM+iBQM U1[miBQM RV Bb KTT2/ BMiQ  `M;2 #2ir22M y
M/ R U6B;m`2 jX8VX h?2 /2`BpiBp2 Q7 Et Bb 2[miBQM jX ++Q`/BM; iQ i?2 TT2` (k3)- b i?2
pHm2b ∂sj
∂sj−1








i?2 /2`BpiBp2 7`QK HQM; iBK2 ;Q Bb p2`v 2bv iQ #2+QK2 x2`QX PM i?2 Qi?2` ?M/- Qi?2`
kk
ivT2b Q7 +iBpiBQM 7mM+iBQMb M/ M2irQ`F T`K2i2`b rBHH H2/ iQ 2tTHQ/BM; ;`/B2Mib B7 i?2
pHm2b `2 H`;2X h?Bb Bb i?2 T`Q#H2K i?i HBKBib _LL iQ H2`M 7`QK HQM; bi2TbX Hi?Qm;?
i?Bb T`Q#H2K HbQ Q++m`b BM Qi?2` 722/@7Q`r`/ M2m`H M2irQ`Fb- Bi Bb KQ`2 T`Q#H2KiB+ BM
_LL b i?2 /2Ti? Q7 _LL Bb p2`v /22T +QKT`2/ rBi? Qi?2`bX lbBM; GahJ +M T`2p2Mi
;`/B2Mi T`Q#H2KX
6B;m`2 jX8, aB;KQB/ 7mM+iBQM M/ Bib /2`BpiBp2X
jX9 GQM; a?Q`i@h2`K J2KQ`v _LL
GahJ UGQM; a?Q`i@h2`K J2KQ`vV Bb  bT2+BH +2HH bi`m+im`2 i?i Bb #H2 iQ /2H rBi?
BM7Q`KiBQM 7`QK  HQM; iBK2 ;QX aBKBH` iQ _LLb- Bi iF2b BM i?2 T`2pBQmb ?B//2M bii2
M/ i?2 +m``2Mi bi2T b BMTmi- i?2M QmiTmib  M2r ?B//2M bii2X h?2 2``Q`b Q7  M2m`H
M2irQ`F +M #+FT`QT;i2 iQ mMHBKBi2/ MmK#2`b Q7 mM`QHH2/ Hv2`b BX2X- iBK2 bi2TbX GahJ@
_LL rQ`Fb r2HH r?2M i?2`2 `2 HQM; /2Hvb KQM; 2p2MibX Ai T`QTQb2b  ;iBM; K2+?MBbK
kj
iQ pQB/ pMBb?BM; ;`/B2Mib T`Q#H2KX JQ`2 bT2+B}+HHv-  M2r bii2 ct Bb BMi`Q/m+2/ iQ
+H+mHi2 ?B//2M bii2 st U6B;m`2 jXeVX
6B;m`2 jXe, GahJ@_LL +2HHX h?2 σ Bb bB;KQB/ 7mM+iBQMX
ct- M/ st `2 +H+mHi2/ b #2HQr,
it = σ(xtU i + s(t−1)W i) U9V
ft = σ(xtU f + s(t−1)W f ) U8V
ot = σ(xtU o + s(t−1)W o) UeV
gt = tanh(xtU g + s(t−1)W g) UdV
ct = ft ∗ c(t−1) + it ∗ gt U3V
st = ot ∗ tanh(ct) UNV
r?2`2 it- ft M/ ot `2 BMTmi- 7Q`;2i ;i2 M/ QmiTmi ;i2 `2bT2+iBp2HvX h?2 σ Bb bB;KQB/
7mM+iBQMX h?2 gt Bb i?2 ?B//2M bii2 HBF2 st BM _LL #2BM; mb2/ iQ +QKTmi2 i?2 M2r stX h?2v
?p2 i?2 2t+i bK2 7mM+iBQMb- #mi /Bz2`2Mi T`K2i2` Ki`B+2bX HH i?2 ;i2b T`Q+2bb i?2
bK2 b?T2 Q7 Ki`B+2b BX2X- i?2 b?T2 Q7 i?2 ?B//2M bii2X h?Qb2 7mM+iBQMb `2 MK2/ ;i2
k9
#2+mb2 i?2 bB;KQB/ 7mM+iBQM KTb i?2 pHm2b Q7 i?2 BMTmib iQ QmiTmib r?B+? `2 7`QK y iQ
RX h?2 QmiTmib KmHiBTHv i?2 bii2b p2+iQ` iQ +H+mHi2 ?Qr Km+? Q7 i?i bii2 p2+iQ` rBHH
Tbb i?`Qm;?X h?2 7Q`;2i ;i2 /2+B/2b ?Qr Km+? Q7 i?2 T`2pBQmb bii2 Ct−1 rBHH #2 F2TiX
h?2 BMTmi ;i2 /2+B/2b ?Qr Km+? Q7 i?2 M2r r2B;?ib 7Q` i?2 BMTmi xt M/ St−1 rBHH Tbb
i?`Qm;?X h?2 QmiTmi ;i2 /2+B/2b ?Qr Km+? Q7 i?2 M2r bii2 rBHH #2 QmiTmii2/ iQ i?2 M2ti
iBK2 bi2T UQ` MQi?2` M2m`H Hv2`VX
6Q`;2i ;i2 /2+B/2b r?i BM7Q`KiBQM Bb ;QBM; iQ #2 /`QTT2/X h?Bb /2+BbBQM Bb K/2 #v 
7mM+iBQM ftX Ai iF2b St1 M/ xt b BMTmi M/ QmiTmib  pHm2 #2ir22M y M/ RX Ai rBHH F22T
HH Q7 i?2 Ct−1 r?2M i?2 QmiTmi Bb R M/ rBHH +QKTH2i2Hv /`QT Bi r?2M i?2 QmiTmi Bb yX
AMTmi ;i2 /2+B/2b r?i M2r BM7Q`KiBQM Bb ;QBM; iQ #2 F2TiX hQ /Q i?Bb- i?2`2 `2 irQ
7mM+iBQMb BMpQHp2/X  sigmoid 7mM+iBQM /2+B/2b r?B+? pHm2b rBHH #2 mT/i2/X h?2M- 
tangent 7mM+iBQM ;2M2`i2b  Ki`Bt rBi? M2r pHm2b- BX2X- gt UdV r?B+? +M #2 //2/ iQ
i?2 bii2 Ct−1X L2ti- i?2b2 irQ bii2b rBHH #2 +QK#BM2/ iQ +`2i2  M2r pHm2 Ct bQ b iQ
mT/i2 i?2 bii2 Ct−1X h?2 QH/ bii2 Ct−1 Bb KmHiBTHB2/ #v ft- r?B+? H2`Mb r?i rBHH #2
7Q`;QiX h?2 `2KBMBM; ft ∗ Ct−1 i?2M //b itgt iQ ;2i i?2 M2r +M/B/i2 pHm2b U3VX h?Qb2
pHm2b BM/B+i2 ?Qr Km+? BM7Q`KiBQM rBHH #2 mb2/ iQ mT/i2 bii2 Ct−1X
PmiTmi ;i2 /2+B/2b r?i Bb ;QBM; iQ #2 QmiTmii2/X h?Bb QmiTmi Bb #b2/ QM i?2 +2HH bii2
T`Q+2bb2/ #v i?2 7Q`;2i ;i2 M/ i?2 BMTmi ;i2X h?2 QmiTmi Bb ;QBM; iQ #2  }Hi2`2/ bii2X
6B`biHv- i?2 sigmoid 7mM+iBQM /2+B/2b ?Qr Km+? Q7 i?2 +2HH bii2b Uxt, St−1V rBHH #2 QmiTmii2/
b OtX L2ti- i?2 T`Q+2bb2/ bii2 Ct rBHH #2 BMTmii2/ BMiQ  iM;2Mi 7mM+iBQM iQ ;2i pHm2b
#2ir22M @R M/ R M/ KmHiBTHv Ot UNVX 6BMHHv- i?2 M2r +2HH bii2 Ct M/ M2r QmiTmi St `2
;2M2`i2/ 7Q` i?2 M2ti bi2TX
k8
jX8 L2m`H GM;m;2 JQ/2H
jX8XR _QH2 Q7 L2m`H GM;m;2 JQ/2H
hQ B/2MiB7v i?2 T`2/iQ`b Q` i?2 bmbTB+BQmb +QMp2`biBQMb- Bi Bb M2+2bb`v iQ 2tT`2bb i?2
T`Q##BHBbiB+ /Bbi`B#miBQM Q7 b2Mi2M+2b T`2+Bb2Hv BM  p2+iQ` bT+2X h?2 HM;m;2 KQ/2H
H2`Mb i?2 72im`2b BMbB/2 b2Mi2M+2bX h?2 72im`2b BM Qm` rQ`F `2 b2Mi2M+2 p2+iQ`b- r?B+? Bb
 KB//H2 bii2 Q7 i?2 M2m`H HM;m;2 KQ/2HX qBi? i?Qb2 b2Mi2M+2 p2+iQ`b- MQi?2` GahJ@
_LL +HbbB}2` Bb i`BM2/ iQ /BbiBM;mBb? B7  T`2/iQ` Bb BMpQHp2/ BM i?2 +QMp2`biBQMX
jX8Xk Pp2`pB2r Q7 L2m`H GM;m;2 JQ/2H
h?2 ;QH Q7  M2m`H HM;m;2 KQ/2H Bb iQ +QKTmi2 i?2 T`Q##BHBiv Q7  b2Mi2M+2 BX2X- iQ }i 
KQ/2H i?i bbB;Mb T`Q##BHBiB2b iQ  b2Mi2M+2X Ai /Q2b bQ #v T`2/B+iBM; i?2 M2ti rQ`/b BM 
i2ti #b2/ QM  ?BbiQ`v Q7 T`2pBQmb rQ`/bX h?2 +`2iBQM Q7 rQ`/ 2K#2//BM;- i2ti ;2M2`iBQM-
M/ i2ti +HbbB}+iBQM `2  72r ivTB+H TTHB+iBQMb Q7 M2m`H HM;m;2 KQ/2Hb (Re) (kk)X 
M2m`H HM;m;2 KQ/2H K2bm`2b i?2 bBKBH`Biv Q7 irQ rQ`/b #b2/ QM i?2 HBF2HB?QQ/ Q7 i?2K
TT2`BM; iQ;2i?2` BM  `2H i2tiX Ai T`QpB/2b M BM/B+iQ` Q7 ;`KKiB+H M/ b2KMiB+
+Q``2+iM2bbX L2m`H HM;m;2 KQ/2H +M ;2M2`i2 M2r i2tib #b2/ QM i?2 BM7Q`KiBQM Bi
H2`Mb 7`QK `2H@rQ`H/ i2tibX 6Q` 2tKTH2-  M2m`H HM;m;2 KQ/2H i`BM2/ QM a?F2bT2`2
+M ;2M2`i2 i2ti i?i `2b2K#H2b a?F2bT2`2Ƕb bivH2X Ai HbQ +M ;2M2`i2 bQm`+2 +Q/2 Q`
Gi2t (kN)X
 TQTmH` TTHB+iBQM Q7 M2m`H M2irQ`F HM;m;2 KQ/2Hb Bb i?2 +`2iBQM Q7 rQ`/ 2K#2//BM;b
iQ `2T`2b2Mi rQ`/bX h?2 M2m`H M2irQ`F iF2b rQ`/b 7`QK  i2ti +Q`Tmb b BMTmi M/ KTb
i?2K iQ p2+iQ` bT+2X qQ`/ 2K#2//BM;b `2T`2b2Mi rQ`/b BM p2+iQ` bT+2 r?2`2 bBKBH`
rQ`/b `2 KTT2/ M2` 2+? Qi?2`X Ai bbmK2b i?i rQ`/b TT2`BM; BM i?2 bK2 +QMi2tib
b?`2 bBKBH` K2MBM;bX qQ`/ 2K#2//BM;b r2`2 Q`B;BMHHv BMi`Q/m+2/ #v "2M;BQ- 2i HX (Re)X
"v mbBM; rQ`/ 2K#2//BM;b- MHQ;B2b #2ir22M rQ`/b +M #2 `2T`2b2Mi2/ #v i?2 /Bz2`2M+2
Q7 p2+iQ`bX 6Q` 2tKTH2- 1UrV K2Mb i?2 2K#2//BM; Q7 rQ`/ r- ǳ1UEBM;V @ 1UJMV Y
1UqQKMVǴ ;2M2`i2b  p2+iQ` i?i Bb p2`v +HQb2 iQ ǳ1UZm22MVǴ (Rd)X AM i?Bb +b2- i?2 rQ`/
ke
2K#2//BM; H2`Mb i?2 `2T`2b2MiiBQM Q7 ;2M/2`X AM i?Bb rv- b2KMiB+ BM7Q`KiBQM +M #2
biQ`2/X
h?2 M2m`H HM;m;2 KQ/2H +M HbQ #2 mb2/ 7Q` i2ti +HbbB}+iBQM Tm`TQb2(Re)X h2ti Bb 
b2[m2M+2 Q7 rQ`/bX h?2 bii2 Q7 2K#2//BM; Hv2` Q7  M2m`H HM;m;2 KQ/2H Bb  /B+iBQM`v
+QMiBMBM; i?2 p2+iQ` `2T`2b2MiiBQM Q7 rQ`/bX qQ`/ 2K#2//BM;b `2 mMB[m2 p2+iQ`b i?i
+M #2 //2/ M/ bm#i`+i2/ (Rd)X h?2`27Q`2- i?2 p2+iQ` Q7 b2Mi2M+2 Bb i?2 p2`;2 pHm2
Q7 Bib rQ`/ p2+iQ`b Q#iBM2/ 7`QK i?2 2K#2//BM; Hv2`X Gi2` QM- i?2 `2T`2b2MiiBQMb Q7
b2Mi2M+2b +M #2 72/ BMiQ 2Bi?2` i`/BiBQMH +HbbB}2` 2X;X- aoJ- `2;`2bbBQM M/ LBp2 "v2b-
Q` /22T M2m`H M2irQ`Fb bm+? b _LLb M/ *LLbX JQ`2 bT2+B}+HHv- i?2 bii2 Q7 ?B//2M
Hv2`b BM _LL HM;m;2 KQ/2H +M HbQ #2  `2T`2b2MiiBQM Q7 i?2 b2Mi2M+2X h?Bb Bb #2+mb2
_LL F22Tb T`2pBQmb BM7Q`KiBQM BM i?2 ?B//2M bii2X
h?2 +HbbB+H bi`m+im`2 Q7  HM;m;2 KQ/2H BM+Hm/2b M 2K#2//BM; Hv2`- ?B//2M Hv2`b- M/
 bQ7iKt Hv2`X h?2 2K#2//BM; Hv2` Bb i?2 Hv2` i?i +QMiBMb rQ`/ 2K#2//BM;b r?B+?
Bb  HQQFmT i#H2 iQ QmiTmi i?2 `2T`2b2MiiBQM Q7 rQ`/bX h?2 r2B;?ib Q7 i?2 }`bi Hv2` `2
i?2 rQ`/ 2K#2//BM;bX h?2 ?B//2M Hv2`b T`Q/m+2 i?2 QmiTmib KTT2/ 7`QK i?2 BMTmi- 2X;X
 7mHHv@+QMM2+i2/ Hv2` mbBM; bB;KQB/ 7mM+iBQM iQ T`Q+2bb i?2 rQ`/ 2K#2//BM;b Q7 T`2pBQmb
rQ`/bX h?2 aQ7iKt Hv2` Bb i?2 Hbi Hv2` i?i QmiTmib i?2 T`Q##BHBiv /Bbi`B#miBQM Q7
rQ`/b BM i2ti +Q`Tmb U6B;m`2 jXdVX
kd
6B;m`2 jXd, L2m`H HM;m;2 KQ/2H (Re)X
jX8Xj J2bm`2 Q7 L2m`H GM;m;2 JQ/2H
 M2m`H M2irQ`F HM;m;2 KQ/2H iF2b  rQ`/ b2[m2M+2 W = [w1, . . . , wt], wt ∈ V r?2`2
V Bb i?2 pQ+#mH`v b2i b BMTmi M/ H2`Mb iQ T`2/B+i i?2 T`Q##BHBiv p(w1, , wt) Q7 i?2 M2ti
rQ`/ wt+1 #v TTHvBM; i?2 bQ7iKt +iBpiBQM 7mM+iBQM i i?2 QmiTmi Hv2`X
p(w1, . . . , wt) = Softmax(st ewt)
r?2`2ge ∈ E[ew1 , . . . , ewt ] (Re)X h?2 KtBKmK HQ;@HBF2HB?QQ/ T`BM+BTH2 Bb TTHB2/ iQ Kt@
BKBx2 i?2 T`Q##BHBiv Q7 i?2 rQ`/ wt r?2M ;Bp2M i?2 +QMi2tib w1 iQ wt−1X h?2 i`BMBM;
k3
Q7 M2m`H M2irQ`F mb2b i?2 #+F@T`QT;iBQM H;Q`Bi?K Qp2` iBK2 iQ KtBKBx2 i?2 HQ;@





logP (wt−n+1, . . . , wt−1) URyV
G2`MBM; i?2 T`Q##BHBiv /Bbi`B#miBQM Qp2`  i2ti +Q`Tmb Bb i?2 F2v 72im`2 Q7 HM;m;2 KQ/@
2HbX LQ`KHHv- HM;m;2 KQ/2Hb `2 Q7i2M 2pHmi2/ #v mbBM; T2`TH2tBiv-  +`Qbb@2Mi`QTv
#b2/ K2i?Q/X S2`TH2tBiv Bb i?2 TQbbB#BHBiv Q7 ?Qr KMv rQ`/b +M #2 b2H2+i2/ 7i2` #2@
BM; ;Bp2M T`2pBQmb rQ`/bX h?2 HQr2` T2`TH2tBiv- i?2 #2ii2` i?2 HM;m;2 KQ/2HbX h?2
bBx2 Q7 i?2 pQ+#mH`v rBHH BM~m2M+2 i?2 T2`TH2tBiv b i?2 iQiHBiv Q7 TQi2MiBH rQ`/b rBHH
HBKBi i?2 b2H2+iBQM Q7 i?2 M2ti rQ`/X h?Bb K2i?Q/ Q7 K2bm`BM;  HM;m;2 KQ/2H Bb /2@
p2HQT2/ 7`QK BM7Q`KiBQM i?2Q`v (jy)X  i2ti +Q`Tmb Bb  /Bb+`2i2 BM7Q`KiBQM bQm`+2 i?i
;2M2`i2b  b2[m2M+2 Q7 rQ`/b w1, w2, . . . , wn 7`QK  pQ+#mH`v b2iX h?2 /2T2M/2Mi T`Q#@
#BHBiv Q7 rQ`/ wn `2HB2b QM T`2pBQmb rQ`/b w1, w2, . . . , wn−1X h?2 2Mi`QTv H `2T`2b2Mib
i?2 KQmMi Q7 MQM@`2/mM/Mi BM7Q`KiBQM URRV BM i?2 +Q`TmbX q?2M ;Bp2M  H`;2 i2ti
+Q`Tmb- H +M #2 TT`QtBKi2/ #v Hˆ URkVX h?2 HM;m;2 KQ/2H Bb M BM7Q`KiBQM bQm`+2
r?B+? QrMb i?2 2Mi`QTv Q7 HX h?2 2Mi`QTv `2Hi2/ K2i?Q/ +M #2 mb2/ iQ K2bm`2 i?2
T2`7Q`KM+2 Q7  HM;m;2 KQ/2HX S2`TH2tBiv- PP - Bb /2}M2/ #v URjV r?B+? Bb 2[mBpH2Mi iQ
UR9VX p(w1, w2, . . . , wm) Bb i?2 T`Q##BHBiv Q7 i?2 rQ`/ b2[m2M+2 (w1, w2, . . . , wm) 2biBKi2/
#v  HM;m;2 KQ/2HX






(p(w1, . . . , wm)log2p(w1, . . . , wm)) URRV
Hˆ = − 1
m
log2p(w1, . . . , wm) URkV
PP = 2Hˆ URjV




jX8X9 GahJ@_LL iQ GM;m;2 JQ/2H
GahJ@_LL HM;m;2 KQ/2H +M #2 Q#iBM2/ #v `2TH+BM; i?2 ?B//2M Hv2` rBi? GahJ@
_LL Hv2`b BM HM;m;2 KQ/2H U6B;m`2 jX3VX i i?2 #2;BMMBM;- i?2 ?B//2M bii2 h1 Bb
BMBiBHBx2/ rBi? x2`QX AM i?2 }`bi iBK2@bi2T- i?2 BMTmi iQ i?2 GahJ@_LL HM;m;2 KQ/2H
Bb w1X h?2 ?B//2M bii2 p2+iQ` Bb mT/i2/ i i?2 bK2 iBK2 M/ Tbb2/ iQ i?2 M2ti bi2TX AM
i?2 b2+QM/ iBK2 bi2T- i?2 BMTmi Bb w2- M/ i?2 QmiTmi Bb p(w2|w1)X h?2 s2 Bb i?2 ?B//2M bii2
i?i +QMiBMb BM7Q`KiBQM 7`QK T`2pBQmb bi2TX i 2+? iBK2@bi2T- GahJ@_LL H2`Mb i?2
T`Q##BHBiv Q7 i?2 rQ`/b BM i?2 pQ+#mH`vX h?2 QmiTmi Hv2` Q7 i?2 GahJ@_LL HM;m;2
KQ/2H Bb i?2 bQ7iKt Hv2` r?B+? `2im`Mb  p2+iQ`X h?2 QmiTmi Bb  ;`QmT Q7 T`Q##BHBiB2b
Q7 2+? rQ`/ BM i?2 pQ+#mH`v r?2M ;Bp2M wtX
6B;m`2 jX3, GahJ@_LL HM;m;2 KQ/2HX
jy
6B;m`2 jXN, lM7QH/2/ GahJ@_LL BM HM;m;2 KQ/2H
jXe a2Mi2M+2 o2+iQ`b
jXeXR Pp2`pB2r Q7 a2Mi2M+2 o2+iQ`b
AM Qm` rQ`F- i?2 b2Mi2M+2 p2+iQ` Bb 72/ BMiQ i?2 _LL +HbbB}2` iQ }M/ bmbTB+BQmb +QMp2`biBQM
BMpQHpBM; T`2/iQ`bX  b2Mi2M+2 p2+iQ` Bb  #v@T`Q/m+i Q7 GahJ@_LL HM;m;2 KQ/2HX Ai
Bb i?2 ?B//2M bii2 Q7 i?2 Hbi Hv2` Q7 i?2 HM;m;2 KQ/2H M/ Bb mb2/ iQ `2T`2b2Mi i?2
b2Mi2M+2X Ai iF2b  b2[m2M+2 Q7 rQ`/b b BMTmi M/ i?2 ?B//2M bii2 Q7 i?2 Hbi rQ`/ BM
i?2 b2[m2M+2 b i?2 b2Mi2M+2 p2+iQ`X
h?2 b2Mi2M+2 p2+iQ`b U6B;m`2 jXRy- 6B;m`2 jXRRV `2 BMbTB`2/ #v a2[ka2[ KQ/2H U6B;m`2 jXRk
(jR) V r?B+? ?b #22M bm++2bb7mHHv TTHB2/ BM M2m`H K+?BM2 i`MbHiBQMX AM i`/BiBQMH
T?`b2@#b2/ i`MbHiBQM bvbi2Kb- i?2 bQm`+2 b2Mi2M+2b M/ i`;2i b2Mi2M+2b `2 #`QF2M
BMiQ bKHH +?mMFbX h?Bb H2/b iQ BM7Q`KiBQM HQbbX Ai Bb MQi HBF2 ?mKM i`MbHiBQM T`Q@
+2bbX>mKMb `2/ i?2 r?QH2 b2Mi2M+2- BMi2`T`2i Bib K2MBM;- M/ ;2M2`i2 i?2 i`MbHiBQM
(jj)X h?2 a2[kb2[ bi`m+im`2 Bb  2M+Q/2`@/2+Q/2` `+?Bi2+im`2 bBKBH` iQ miQ@2M+Q/2`-
r?B+? +M +QKT`2bb BM7Q`KiBQM (jk)X a2[kb2[ T`Q+2bb2b i?2 bQm`+2 b2Mi2M+2 #v mbBM; i?2
_LL KQ/2H BM i?2 2M+Q/2` T`i iQ #mBH/ K2MBM; QmiTmib-  p2+iQ` bT+2 `2T`2b2MiiBQM
Q7 bQm`+2 b2Mi2M+2X h?2 QmiTmib i?2M `2 72/ BMiQ i?2 b2+QM/ _LL KQ/2H BM i?2 /2+Q/2`X
h?2 QmiTmi Q7 i?2 /2+Q/2` Bb i?2 i`;2i b2Mi2M+2 U6B;m`2 jXRjVX AM Qm` rQ`F- r2 bBKTHB}2/
i?2 bi`m+im`2 Q7 i?2 b2[kb2[ KQ/2H #v Dmbi iFBM; i?2 ?B//2M bii2 7`QK 2M+Q/2` _LL b
jR
K2KQ`v iQ `2T`2b2Mi i?2 b2Mi2M+2X
6B;m`2 jXRy, AMbB/2 Q7 i?2 b2Mi2M+2 p2+iQ`X
6B;m`2 jXRR, a2Mi2M+2 p2+iQ`X
jk
6B;m`2 jXRk, a2[kb2[ KQ/2H BM M2m`H K+?BM2 i`MbHiBQMX
6B;m`2 jXRj, 1M+Q/2`@/2+Q/2` 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+QMp2`biBQMb b i?2`2 `2 QMHv  72r Q7 i?2KX h?2 72im`2b `2 r2HH@/Bbi`B#mi2/ BM bmbTB+BQmb
+QMp2`biBQMX  T`2/iQ` Bb p2`v HBF2Hv iQ +``v Qmi +`BKBMH +iBpBiB2b /m`BM; i?2 2MiB`2
+QMp2`biBQMX
j3
6B;m`2 jXR9, GahJ@_LL +HbbB}2`X
jX3 S`iB+BTMi *HbbB}+iBQM
jX3XR JQiBpiBQM
h?2 ;QH Q7 i?2 T`iB+BTMi +HbbB}+iBQM Bb iQ }M/ i?2 T`2/iQ` 7`QK bmbTB+BQmb +QMp2`b@
iBQMb #b2/ QM i?2 `2bmHib 7`QK +QMp2`biBQM +HbbB}2`X h?2 bmbTB+BQmb +QMp2`biBQM +HbbB}2`
Bb  }Hi2` i?i M``Qrb /QrM i?2 `M;2 Q7 T`2/iQ`b B/2MiB}+iBQMX Ai ?2HTb i?2 b2MiBK2Mi
b+Q`2 KQ/2H iQ rQ`F QM bmbTB+BQmb +QMp2`biBQMb BMpQHpBM; T`2/iQ`b QMHvX h?2 T`iB+B@
TMi +HbbB}2` Bb BM~m2M+2/ #v i?2 /2;`22 Q7 T`2+BbBQM Q7 i?2 +QMp2`biBQM +HbbB}2`X .i
MHvbBb b?Qrb i?i  T`2/iQ` mbmHHv ii+Fb i?2 bK2 pB+iBK KQ`2 i?M QM+2 Q` ii+Fb
KQ`2 i?M QM2 pB+iBKX hQ +?B2p2 i?2 ;QH Q7 B/2MiB7vBM; T`2/iQ`b- i?2 7QHHQrBM; bi2Tb `2
+``B2/ QmiX
URV _2@;`QmT i?2 +QMp2`biBQMb #v T`iB+BTMib- BX2X- bTHBi 2+? +QMp2`biBQM #v T`iB+@
BTMibX h?Bb +M ?2HT i?2 T`iB+BTMi +HbbB}2` iQ 7Q+mb QM T`2/iQ`bǶ #2?pBQm`b
QMHvX
jN
UkV *QMbB/2`BM; i?2 `2@;`QmTBM; rBHH /Bb`mTi i?2 iBK2 /2T2M/2M+B2b BMbB/2 i?2 +QMp2`b@
iBQMb-  M2r M2m`H M2irQ`F KQ/2H MK2/ 6bii2ti Bb BMi`Q/m+2/X 6bii2ti Bb  ivT2
Q7 M2m`H M2irQ`F i?i p2`;2b i?2 72im`2b KQM; BMTmi rQ`/bX Ai Bb M B/2H KQ/2H
7Q` b2Mi2M+2 +HbbB}+iBQMX
UjV h?2 ii+FBM; #2?pBQm`b Q7 QM2 T`2/iQ` Kv /Bbi`B#mi2 +`Qbb /Bz2`2Mi +QMp2`b@
iBQMbX aQK2 +QMp2`biBQMb T`QpB/2 QMHv  72r BM7Q`KiBQM- 7Q` 2tKTH2- r?2M QM2 Q7
i?2 T`iB+BTMib Bb Q|BM2 Q` Bb iQQ #mbv iQ `2bTQM/ KQ`2X >Qr2p2`- i?2 bK2 T`iB+@
BTMib Kv bi`i MQi?2` +QMp2`biBQM BM MQi?2` iBK2 M/ T`QpB/2  H`;2 KQmMi
Q7 BM7Q`KiBQMX hQ ;2i M Q#D2+iBp2 `iBM; Q7 i?2 T`iB+BTMib- i?2 b2MiBK2Mi b+Q`2
bbB;M2/ iQ i?2K Kmbi #2 p2`;2/X h?Bb bi`i2;v +M Qp2`+QK2 i?2 /Bb/pMi;2 Q7
mM#HM+2/ BM7Q`KiBQMX
U9V h?2 T`2/iQ`b `2 bbB;M2/  b+Q`2 Q7 R- M/ i?2 pB+iBKb `2 bbB;M2/  b+Q`2 Q7 yX h?Bb
b+Q`2 Bb i?2 bK2 b +HbbB}+iBQM `2bmHi 7`QK i?2 aQ7iKt Hv2` Q7 6bii2ti KQ/2HX
jX3Xk 62im`2b M/ bbmKTiBQMb
h?2 72im`2b Q7 T`iB+BTMib `2 HBbi2/ #2HQrX
URV S`2/iQ`b M/ pB+iBKb `2 MQi TB`2/X PM2 T`2/iQ` Kv i`v iQ +QMi+i /Bz2`2Mi
pB+iBKb Q` +QKKmMB+i2 rBi? bK2 pB+iBK BM /Bz2`2Mi +QMp2`biBQMb UQp2` /Bz2`2Mi
iBK2VX aQK2 Q7 i?2 +QMp2`biBQMb HmM+?2/ #v T`2/iQ`b Kv MQi +QMiBM Mv mb27mH
BM7Q`KiBQM BM/B+iBM;  TQi2MiBH ii+F- r?BH2 bQK2 +QMp2`biBQMb Kv `2p2H 
TQi2MiBH ii+F #mi i?2`2 Bb QMHv QM2 T`iB+BTMi UQMHv T`2/iQ` BM i?2 +QMp2`biBQMVX
UkV _2;mH` mb2`b- pB+iBKb M/ T`2/iQ`b `2 b2T`i2/ BMiQ i?`22 +i2;Q`B2bX h?2 `2bQM
Q7 bm+? +i2;Q`BxiBQM Bb i?i `2;mH` mb2`b iHF #Qmi ;2M2`H iQTB+b r?BH2 T`2/iQ`b
+QMp2`biBQMb K22i i?2 i?`22@bi;2 72im`2bX
h?2 F2v /Bz2`2M+2 #2ir22M T`2/iQ`b M/ `2;mH` mb2`b U`2;mH` mb2`b r?Q iHF #Qmi b2t@
`2Hi2/ iQTB+bV Bb i?2B` #2?pBQ`H Tii2`MX JMv #2?pBQm` M/ Tbv+?QHQ;v `2Hi2/ iQTB+b
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r2`2 `2pB2r2/- BM+Hm/BM;, GBM;mBbiB+ AM[mB`v M/ qQ`/ *QmMi UGAq*V- i?2 EMQrH2/;2@
"b2/ *QMp2`biBQM 6BHi2` UE"6V- 2i+X JQ`2 bT2+B}+HHv- i?2 E"6 KQ/mH2 #mBH/b 8R ?M/@
+Q/2/ Tii2`MbX GAq* Bb  Tbv+?QHBM;mBbiB+b K2i?Q/ i?i +QmMib i?2 MmK#2` Q7 rQ`/bX
GAq* Bb #b2/ QM i?2 bbmKTiBQM i?i i?2 rvb BM r?B+? T2QTH2 iHF M/ r`Bi2 T`QpB/2 +Hm2b
Q7 i?2B` 2KQiBQM M/ +Q;MBiBQMX h?2`27Q`2- GAq* +M #2 mb2/ iQ MHvx2 i?2B` #2?pBQm`X
>Qr2p2`- i?Qb2 Tii2`Mb `2 ?M/@+Q/2/- r?BH2 i?2 /22T H2`MBM; K2i?Q/ Hrvb H2`Mb
Tii2`M #v Bib2H7X "b2/ QM i?2 #Qp2@K2MiBQM2/ 72im`2b- i?2 bbmKTiBQMb `2,
URV S`2/iQ`b Hrvb rMi iQ HmM+? ii+Fb QM i`;2ibX
UkV h?2 p2`;2 b2MiBK2Mi b+Q`2 Q7 T`2/iQ`b Kmbi #2 ?B;?2` i?M pB+iBKbX
UjV h?2 T`2/iQ`b Hrvb bF pB+iBKb [m2biBQMb rBi? ii+FBM; BMi2MiBQMX
U9V h?2 T`2/iQ`b- pB+iBKb- M/ `2;mH` mb2`b THv /Bz2`2Mi `QH2b BM i?2B` +QMp2`biBQMbX
h?2`2 `2 bB;MB}+Mi /Bz2`2M+2b KQM; i?2B` +?i +QMi2MibX
U8V h?2 pB+iBKbǶ +?ib +QMi2Mi Kv /2+2Bp2 i?2 +HbbB}2` b bQK2iBK2b i?2v `2 Mbr2`BM;
i?2 [m2biBQMb TQb2/ #v T`2/iQ`bX >Qr2p2`- 7i2` p2`;BM; i?2B` b+Q`2b- i?2 b+Q`2 Q7
pB+iBKb Bb mMHBF2Hv iQ #2 ?B;?2` i?M i?i Q7 i?2 T`2/iQ`bX
jX3Xj *QMi`B#miBQMb
AM i?Bb T`i Q7 rQ`F- i?2 6bii2ti KQ/2H Bb BMi`Q/m+2/ iQ ;2M2`i2 i?2 b2MiBK2Mi b+Q`2 7Q`
`iBM; T`iB+BTMibX h?2`2 `2 i?`22 ivT2b Q7 i?2 6bii2ti KQ/2HX b  `2bmHi- i?2`2 `2
i?`22 b+Q`2b 7Q` 2+? ivT2 Q7 T`iB+BTMib BX2X- T`2/iQ` b+Q`2- pB+iBK b+Q`2 M/ MQ`KH b+Q`2X
h?2b2 b+Q`2b `2 i?2 +HbbB}+iBQM `2bmHib 7`QK i?2 QmiTmib Q7 aQ7iKt Hv2`X h?2 /Bz2`2M+2
#2ir22M Qi?2` `2b2`+?2`bǶ rQ`F M/ Qm`b Bb i?i r2 p2`;2/ i?2 b+Q`2 #v T`iB+BTMibX
h?Bb K2i?Q/ Qp2`+QK2b i?2 T`Q#H2K Q7 +QM7mbBQM #2ir22M T`2/iQ`b M/ pB+iBKbX p2`@
;2/ b+Q`2 F2Ti i?2 b2MiBK2Mi BM7Q`KiBQM 7`QK +QMp2`biBQMb M/ `2/m+2/ i?2 BKT+i Q7
2ti`2K2 bBimiBQM- 7Q` 2tKTH2- +QMp2`biBQMb r?2`2 QMHv T`2/iQ`b `2 BMpQHp2/ Q` pB+iBK
+i HBF2  T`2/iQ` mMBMi2MiBQMHHvX S`2pBQmb `2b2`+?2` (9) BMi`Q/m+2/ #BM`v +HbbB}2` iQ
}M/ T`2/iQ`bX >Qr2p2`- i?Bb K2i?Q/ QMHv iF2b T`2/iQ`b M/ pB+iBKb b i`BMBM; bKTH2
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rBi?Qmi mbBM; MQ`KH +QMp2`biBQMbX h?2 /pMi;2 Q7 /QBM; bQ Bb i?i i?2 MQBb2 7`QK
MQ`KH +QMp2`biBQMb Bb 2HBKBMi2/X "mi i?2 i`BM2/ +HbbB}2` KB;?i MQi #2 #H2 iQ rQ`F
rBi? MQ`KH +QMp2`biBQMb BM i2bi bKTH2bX
jX3X9 qQ`F~Qr
.Bz2`2Mi 7`QK GahJ@_LL- r?B+? Bb ;QQ/ i +Tim`BM; iBK2 b2`B2b 72im`2b- 6bii2ti Bb 
p2`v b?HHQr M2m`H M2irQ`F +T#H2 Q7 ;HQ#H 72im`2 2ti`+iBQMX PM+2 i?2 bmbTB+BQmb +QM@
p2`biBQMb `2 B/2MiB}2/ #v GahJ@_LL KQ/2H- i?2 6bii2ti@#b2/ +HbbB}2` +M B/2MiB7v
b2tmH T`2/iQ`b KQM; i?2 T`iB+BTMibX AM //BiBQM- +QMp2`biBQMb QMHv BMpQHpBM; T`2/@
iQ`b rBHH MQi #2 /2H2i2/ #2+mb2 i?2v Kv +QMiBM mb27mH 72im`2bX AM Q`/2` iQ BKT`Qp2 i?2
++m`+v Q7 b2tmH T`2/iQ`b B/2MiB}+iBQM- b2MiBK2Mi b+Q`2 Bb bbB;M2/X h?2`2 `2 i?`22
ivT2b Q7 b+Q`2b- BX2X- S- o- L- iQ +i2;Q`Bx2 T`iB+BTMib BMiQ T`2/iQ`b- pB+iBKb- M/ MQ`KH
mb2`bX h?2 QmiTmi Q7 aQ7iKt Hv2` Bb i?2 KQbi B/2H b+Q`2 KQ/2HX  T`iB+BTMi rBi? 
?B;?2` b+Q`2 BM  +2`iBM b+Q`2 ivT2 KQM; i?2 i?`22 rBHH #2 +HbbB}2/ BMiQ i?i ;`QmTX Ai
Bb mMHBF2Hv 7Q` irQ T`2/iQ`b iQ TT2` BM i?2 bK2 +QMp2`biBQM- i?2`27Q`2  T`iB+BTMi
rBi? i?2 ?B;?2bi b+Q`2 BM S +i2;Q`v rBHH #2 B/2MiB}2/ b i?2 T`2/iQ`X b i?2`2 KB;?i #2
+QMp2`biBQMb BMBiBi2/ #v i?2 bK2 T`iB+BTMi i /Bz2`2Mi Q++bBQMb- i?2 b2MiBK2Mi b+Q`2
Q7 i?2 bK2 T`iB+BTMib Bb p2`;2/ U6B;m`2 jXR8VX h?2 2tT2`BK2MiH b2imT Q7 Qm` `2b2`+?
Bb /2b+`B#2/ BM i?2 M2ti +?Ti2`X
9k




9XR Pp2`pB2r Q7 i?2 avbi2K
.2i2+iBM; b2tmH T`2/iQ`b BMpQHp2b i?2 7QHHQrBM; bi2Tb U6B;m`2 9XRV,
6B;m`2 9XR, .2iBH2/ bi2Tb Q7 T`2/iQ` B/2MiB}+iBQMX
URV S`2T`Q+2bbBM;X HH i?2 +QMp2`biBQMb BM i?2 i`BMBM; /ib2i M/ i2bi /ib2i `2
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T`2T`Q+2bb2/ #v i?2 `mH2b K2MiBQM2/ BM S`Q+2bbBM; ai`i2;B2bX 1+? +QMp2`biBQM
iF2b QM2 HBM2 BM i?2 }H2X
UkV A/2MiB7vBM; bmbTB+BQmb +QMp2`biBQMbX h?2 }Hi2`2/ +QMp2`biBQMb BM i?2 i`BMBM; /ib2i
`2 72/ BMiQ GahJ@_LL GM;m;2 JQ/2HX h?2 GahJ@_LL@#b2/ HM;m;2 KQ/2H
Bb i`BM2/ 7Q` 2tT`2bbBM; i?2 `2HiBQM BMbB/2 b2Mi2M+2bX qBi?  MmK#2` Q7 b2Mi2M+2
p2+iQ`b- i?2 +QMp2`biBQM +M #2 T`2b2Mi2/ BM  ?B;?Hv +QKT`2bb2/ rvX 7i2` i?2
i`BMBM; T`Q+2/m`2- 2+? b2Mi2M+2 BM 2+? +QMp2`biBQM UBM #Qi? i`BMBM; M/ i2bi
/ib2iV Bb +QMp2`i2/ iQ b2Mi2M+2 p2+iQ`X 1+? +QMp2`biBQM Bb `2T`2b2Mi2/ #v  ;`QmT
Q7 b2Mi2M+2 p2+iQ`bX h?2 T`Q+2bb2/ +QMp2`biBQMb BM i`BMBM; /ib2i `2 mb2/ iQ
i`BM  GahJ@_LL +QMp2`biBQM +HbbB}2`X 7i2` i?i- i?2 +QMp2`biBQMb BM i?2 i2bi
/ib2i `2 72/ BMiQ i?2 +QMp2`biBQM +HbbB}2`X 6BMHHv- i?2 bmbTB+BQmb +QMp2`biBQMb
`2 QmiTmii2/ 7Q` M2ti bi2TX
UjV A/2MiB7vBM; T`2/iQ`bX h?2 T`2T`Q+2bb2/ +QMp2`biBQMb BM i`BMBM; /ib2i `2 `2@
;`QmT2/ #v T`iB+BTMibX 7i2` i?i- i?2 +QMp2`biBQMb `2 72/ BMiQ 6bii2ti KQ/2HX
h?2 6bii2ti #b2/ +HbbB}2` Bb mb2/ iQ b+Q`2 i?2 T`iB+BTMibX 6BMHHv- HH T`iB+BTMib
BM +QMp2`biBQMb Q7 i2bi /ib2i `2 b+Q`2/ #v i?2B` b2Mi2M+2b Q7 i?2 +?ibX
b  MQp2H K2i?Q/ěb2Mi2M+2 p2+iQ`běBb BMi`Q/m+2/ BM Qm` rQ`F- M Q#D2+iBp2 2pHmiBQM Bb
M22/2/X h?2`27Q`2- i?2 AJ." b2MiBK2Mi `2pB2r /ib2i Bb mb2/ iQ 2pHmi2 i?2 T2`7Q`KM+2
Q7 i?2 KQ/2H- BX2X- b2Mi2M+2 p2+iQ`b K2i?Q/QHQ;vX h?2`2 `2 k8-yyy `2pB2rb BM i?2 /ib2iX
>H7 Bb TQbBiBp2- M/ i?2 Qi?2` ?H7 Bb M2;iBp2X h?2 AJ." KQpB2b `2pB2rb `2 p2`v TQTmH`X
Ai Bb 2bv iQ +QKT`2 Qm` `2bmHi rBi? Qi?2`bX
URV h?2 AJ." KQpB2 `2pB2rb `2 }Hi2`2/ #v i?2 `mH2b K2MiBQM2/ BM S`Q+2bbBM; ai`i2;B2bX
1+? `2pB2r iF2b QM2 HBM2 BM i?2 }H2X
UkV h?2 }Hi2`2/ `2pB2rb `2 mb2/ iQ i`BM i?2 GahJ@_LL M2m`H HM;m;2 KQ/2HX h?2
BMTmi /i Bb 7`QK i`BMBM; bKTH2b Q7 AJ." /ib2iX
UjV 1+? `2pB2r Bb +QMp2`i2/ iQ  ;`QmT Q7 b2Mi2M+2 p2+iQ`b pB HM;m;2 KQ/2HX 7i2`
i?i-  GahJ@_LL +HbbB}2` Bb i`BM2/ iQ K2bm`2 B7  `2pB2r Bb TQbBiBp2 Q` M2;iBp2
U6B;m`2 9XkVX
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6B;m`2 9Xk, Pp2`pB2r Q7 AJ." b2MiBK2Mi MHvbBbX
9Xk S2`7Q`KM+2 *`Bi2`B
6Q` i?2 T2`7Q`KM+2 BM/B+iQ`b- i?2 +`Bi2`B 7`QK (R) `2 `272``2/X h?2 mi?Q` Q7 (j) iQQF
S`2+BbBQM USVUReV- _2+HH U_VURdV M/ 6 K2bm`2 UR3V 7`QK biM/`/ BM7Q`KiBQM `2i`B2pH b
K2bm`2K2Mib r?2`2 β Bb yX8X h`m2 TQbBiBp2 UhSV K2Mb i?2 MmK#2` Q7 B/2MiB}2/ T`2/iQ`b
BM i?2 /ib2iX 6Hb2 TQbBiBp2 U6SV K2Mb i?2 MmK#2` Q7 MQM@T`2/iQ`b i?i `2 B/2MiB}2/
b T`2/iQ`b BM i?2 /ib2iX h`m2 M2;iBp2 UhLV K2Mb i?2 MmK#2` Q7 MQM@T`2/iQ`b i?i
`2 B/2MiB}2/ b MQM@T`2/iQ`b BM i?2 /ib2iX 6Hb2 M2;iBp2 U6LV K2Mb i?2 MmK#2` Q7
T`2/iQ`b i?i `2 B/2MiB}2/ b MQM@T`2/iQ`bX h?2 ++m`+v Bb /2}M2/ #v UR8VX
6B;m`2 9Xj, .2}MBiBQM Q7 hL- hS- 6S- M/ 6LX
9e
Accuracy(A) = (TP + TN)(TP + FP + TN + FN) UR8V
Precision(P ) = (number of relevant items retrieved)(number of retrieved items) UReV
Recall(R) = (number of relevant items retrieved)(number of relevant items) URdV
Fβ = (1 + β2) · P · R
β2P + R UR3V
h?2 ǳ`2i`B2p2/ Bi2KbǴ K2Mb i?2 B/b Q7 i?2 T`iB+BTMib i?i `2 B/2MiB}2/ b T`2/iQ`bX
AM ǳ`2H2pMi Bi2Kb `2i`B2p2/Ǵ- ǳ`2H2pMiǴ K2Mb i?2 iQiH MmK#2` Q7 i`m2 TQbBiBp2 M/ i`m2
M2;iBp2 `2bmHibX *QMbB/2`BM; i?2 `2H@rQ`H/ bBimiBQMb- i?2 /2bB;M2` Q7 SL@kyRk (j) ?QT2b
iQ T`QpB/2 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